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CLOSED AIR-CIRCUIT MOTORS 
WITH HEAT EXCHANGERS 


Within recent years the average output of motors for the 
heavier industrial drives has shown a steady increase; 
moreover, many of these larger motors are required for 
installation in harmful atmospheric conditions or out- 


doors. 


The economic limit of output of orthodox totally- 
enclosed fan-cooled motors having been reached, L.S.E. 
have developed closed air-circuit motors with either 
air/air or air/water heat exchangers. With this type of 
cooling, both constant and variable-speed motors can 
be built for any output likely to be required for industrial 


drives. 


~The closed air-circuit construction may be applied to 
practically all machines in the L.S.E. range. It is par- 
ticularly useful in the case of N-S variable-speed a.c. 
motors, which normally require an independent cooling 
fan when the speed range is wide (due to the low efficiency 


of an integral fan at low speeds). 


Although this type of enclosure is usually applicable 
to motors of medium to large size (the ‘Emcol’ enclosure 
being available for smaller outputs) it is sometimes 
economical in the case of motors of comparatively low 


output but very wide speed range. 


LAURENCE, 


ELECTRICAL ENGINEERS SINCE 


NORWICH MANCHESTER 


N-S variable-speed a.c. motor, 250/108 h.p., 960/400 r.p.m. closed 
air-circuit with air/air heat exchanger. Independent motor drives 
fans for both internal and external air circulation. For CO, com- 
pressor drive (Associated Ethyl Ltd.) 


The design of the air passages of L.S.E. closed air-circuit 
motors provides for easy cleaning, and air filters can be 
incorporated if necessary. The enclosure may be pres- 
surized for use in chemical works, for gas-blower drives, 


etc. 


SCOTT & ELECTROMOTORS LTD. 


1883 


LONDON AND BRANCHES 
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The development of the power supply system, including the 
275kV Supergrid extension inaugurated by the Central 
Electricity Generating Board created an increased need for 
“Ferguson Pailin’? Switchgear of many types, for both indoor 
and outdoor service. 


Among these are the heavy-duty air-blast circuit-breakers, 
type CA10 now being installed in Carmarthen Bay Power 
Station—the first “‘hall-type” station to be commissioned in 
Gt. Britain. They form an extension to the original installa- 
tion of type CA9 air-blast circuit-breakers, also of ““Ferguson 
Pailin” manufacture. 


se a oe 


The type CA10 circuit-breakers have a rating of 3500 MVA 
at 132kV. 


A type CA10 air-blast circuit-breaker 
e : 
Ferguson Pailin unites @m Switchgear 


Head Office & Works: HR. OPENSHAW MANCHESTER 11, Telephone : DROylsden 1301 (Pte.Branch Ex) 
LONDON OFFICE : Bush House, Aldwych, W.C.2. BIRMINGHAM OFFICE : Windsor House, 656 Chester Road, Erdington, 23 GLASGOW OFFICE : Central Chambers, 
REPRESENTED IN PRINCIPAL OVERSEAS TERRITORIES 


109 Hope Street, C.2. 
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J ohannesburg, ‘Transvaal! At night a fairyland of 


_ light, by day a bustling centre of commerce. A busy 


city, a modern city, a city powered by the G.E.C. 


eS a ae ‘With the latest contract tor two 60 MW turbo-gener- 


RAS: x - tt = = ets 


: | oe S | . = oe four power stations will total twenty five and will oo 

SS oe =. peavide three quarters of a million kilowatts. And so | 
: See the: GEC. serves J ohannesburg with the power to. : ) 

: keep a great city alive. A big job indeed and just 

| : : the job. for the GEC. with its vant elas ches of 
electrical Soneration. distribution and control. . 2 a 
ower generation 
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CLOSED CIRCUIT 


ie 
COOLER 


Lengthy experience in practical design 
Wide variety of ducting and damper layouts 
Highly efficient. cooling surfaces 
Heavy and robust construction 
Special attention to ease of access and maintenance 


HEENAN & FROUDE LIMITED e WORCESTER ® 


ENGLAN 
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Illustrated above is a Controller 
type Flameproof Instrument, with 
a 6” dial. Buxton Certificates: 
FLP 2097 Group I FLP 2098 
Groups II & III. 


& III. 


11 & II. 


NALDERS PRODUCTS 
include: PROTECTIVE 
RELAYS, VECTORMETERS, 
AUTOMATIC EARTH PROY- 
ING SUPPLY SWITCHES, 
‘“*BIJOU’’ CIRCUIT 
BREAKERS, etc. 


NALDER BROS. & THOMPSON LTD. Dalston Lane Works, London, E.8 


TELEGRAMS: OCCLUDE HACK LONDON DELEPHONE: 


The illustration on 
right shows a 12” 
dial, Sector Pattern 
Wall-mounting 
Flameproof Am- 
meter with Terminal 
Box and Gland. 
Buxton Certificates: 
FLP 3759 Group | 
FLP 3769 Groups II 


Seen on left is a 6” 
dial, Wall-mounting 
Flameproof Am- 
meter, complete 
with Terminal Box, 
Compound _ Sealing 
Chamber and Gland. 
Buxton Certificates: 
FLP 1004/2 Groups | 


CONFORM TO 


The photograph below shows a 
Controller type Flameproof 
Instrument, 
with a 4” dial. 
Buxton Certifi- 
cates: “FSP 
1053 Group | 
FER 2 6:90 
Groups Il & 
1. 
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Part of the sub-station of the Merseyside 
and North Wales Division of the C.E.G.B. at 
Rochdale, showing English Electric Air 


Blast circuit breakers and Doulton heavy duty 


132 kV post insulators. 
Doulton 
Type BB9 


Standard Posts for Voltages from 11kV to 275kV 


DOULTON INDUSTRIAL PORCELAINS LIMITED 


ROYAL DOULTON POTTERIES - WILNECOTE | fAMWO Rip Hees Acres 
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Araldite epoxy resins provide the answer to many 
problems encountered in the manufacture of electrical 
equipment. Bushings are a good example. Made with 
Araldite, they exploit the outstanding properties of 
the epoxies—remarkable void-free adhesion to metal, 
outstanding anti-tracking qualities, high mechanical 
strength, low shrinkage, stability, resistance to climatic 
conditions and chemicals and excellent dielectric 
properties. The components shown are cast bushings 
for use in air, oil or compound on potentials up to 
11,000 V, and are manufactured by 
J. R. Ferguson (Electrical Engineers) 
Limited, Dukinfield, Cheshire. 


Araldite epoxy resins are used 


for bonding metals, porcelain, glass, etc. 
for casting high grade solid electrical insulation 


+ + 


for impregnating, potting or sealing 
electrical windings and components 

for producing glass fibre laminates 

for producing patterns, models, jigs and tools 

as fillers for sheet metal work 


+ + + 


as protective coatings for metals, wood and 
ceramic surfaces 


Araldite (jxsomaraus 


Aralaite is a registered trade name 


Acs | ee A CIBA COMPANY * Duxford, Cambridge - Tel: Sawston 2121 


AP317 
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service to 
transformer 
oil users 


When you use ILO Electrical Oil, you benefit in three 
ways—from a product which maintains consistently high 
quality, from the advice of experienced technicians and 
from such facilities as this self powered, 1000 gallon/hour 


Mobile Filter Unit, for the treatment of degraded oil on site. ; 


Q(®etectricar ons 


WAKEFIELD-DICK INDUSTRIAL OILS LTD., 67 Grosvenor Street, London, W.!. GROsvenor 6050 
Member of the worldwide Wakefield Castro! Organisation 
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SCOTLAND AGAIN CHOOSES 
METROVICK equipment 


For the South of Scotland Electricity Board 
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—and now H UNTE RSTON 


are all to be equipped with Metrovick 132kV 


air-blast circuit-breakers 


METROPOLITAN -VICKERS 


ELECTRICAL CO LTD - TRAFFORD PARK - MANCHESTER 17 


An A.E.I Company 


LEADING SWITCHGEAR PROGRESS 
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RAT EXCHANGE 
SERCK Gi@uienenpe 


FOR THE ELECTRICAL INDUSTRY 


Retubing a main condenser 

with thirty-five tons of SERCK 

Aluminium Brass condenser 

tubes at Deptford East 

Power Station. 

hota by coueesyact he. Contra flee: ® Transformer Oil Coolers (Oil and 


tricity Authority. 


water cooled) 


@ Air to Air Coolers for Transformers 


@ Water Cooled Air Coolers for 
Alternators and Motors 


@® Hydrogen Coolers for Alternators 
® Air to Air Coolers for Motors 

@® Valve Coolers 

® NON-FERROUS CONDENSER 
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A typical Hewittic Rectifier substation 
(3,000 kW) for heavy traction supply. 


THE selection of HEWITTIC RECTIFIERS for 
the operation of important D.C. traction 
systems in /8 countries is in itself a testimonial 
to their eminent suitability for traction supply. 

They have proved ideal for this purpose 
because they are exceptionally efficient at 
all loads, with very small no-load losses 
(assuring great economy in operation), and 
are unaffected by the heavy fluctuating loads 
and short circuits of traction service. Amaz- 
ingly simple to install; normally housed in 
unattended substations; of unit-cubicle con- 
struction (affording great flexibility of layout); 
robust electrically and mechanically. 

They are the most modern of traction con- 
verting plant, yet backed by a wealth of 
specialised experience from nearly fifty years of 
rectifier manufacture. 


| Hewittic Rect lier 


OVER I+ MILLION kW. IN WORLD-WIDE SERVICE 


HACKBRIDGE AND HEWITTIC ELECTRIC CO., LIMITED 
WALTON-ON-THAMES - SURREY - ENGLAND 


Telephone : Walton-on-Thames 760 (8 lines) Telegrams :_ ‘* Electric, Walton-on-Thames ” 


OVERSEAS REPRESENTATIVES: ARGENTINA: H. A. Roberts & Cia., S.R.L., Buenos Aires. AUSTRALIA: Hackbridge and Hewittic Electric Co. Ltd., 
171, Fitzroy Street, St. Kilda, Victoria; N.S.W.: Queensland: W. Australia: Elder, Smith & Co. Ltd. ; South Australia: Parsons & Robertson Ltd.; Tasmania: H. M. Bamford 
& Sons (Pty.) Ltd., Hobart. BRAZIL: Oscar G. Mors, Sao Paulo. BURMA: Neonlite Manufacturing & Trading Co, Ltd., Rangoon. CANADA: Hackbridge and 
Hewittic Electric Co. of Canada Ltd., Montreal; The Northern Electric Co. Ltd., Montreal, etc. CEYLON: Envee Ess Ltd., Colombo. CHILE: Sociedad Importadora 
del Pacifico Ltda., Santiago. EAST AFRICA: Gerald Hoe (Lighting) Ltd., Nairobi. EGYPT: Giacomo Cohenca Fils, S.A.E., Cairo. FINLAND: Sahk6-ja Koneliike 
O.Y. Hermes, Helsinki. GHANA, NIGERIA AND SIERRA LEONE: Glyndova Ltd. NETHERLANDS: J. Kater E.I., Ouderkerk a.d. Amstel, Amsteldijk Noord 103c. 
INDIA: Steam & Mining Equipment (India) Private Ltd., Calcutta; Easun Engineering Co. Ltd., Madras, 1. IRAQ: J. P. Bahoshy Bros., Baghdad. MALAYA, 
SINGAPORE AND BORNEO: Harper, Gilfillan & Co. Ltd., Kuala Lun_pur. NEW ZEALAND: Richardson, McCabe & Co. Ltd., Wellington, etc. SOUTH AFRICA: 
Arthur Trevor Williams (Pty.) Ltd., Johannesburg, etc. CENTRAL AFRICAN FEDERATION: Arthur Trevor Williams (Pty.) Ltd., Salisbury. THATLAND: Vichien 
Phanich Co. Ltd., Bangkok. TRINIDAD AND TOBAGO: Thomas Peake & Co., Port of Spain. TURKEY: Dr. H. Salim Oker, Ankara. U,S.A.: Hackbridge 
and Hewittic Electric Co. Ltd., P.O. Box 234, Pittsburgh 30, Pennsylvania. VENEZUELA: Oficina de Ingenieria Sociedad Anonima, Caracas. 
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LATION 


220 kV. Pressure Type Cable Sealing Ends 
incorporating T.T. porcelains installed at 
the Fontenay Research Station of 
/Electricité de France 1948. 
Hydraulic routine test: 500 Ib/sq. in. 
ew applied internally. 
Contractors: British Insulated Callender’s 
_, Cables Ltd.,.and Enfield Cable Co. Ltd. 


OR TUNNICLIFF @O0vF- 
ORCELAIN INSULATORS 


TAYLOR TUNNICLIFF & CO. LTD., Head Office: EASTWOOD « HANLEY - STOKE-ON-TRENT : STAFFORDSHIRE 
Telephone: Stoke-on-Trent 25272-5. * London Office: 125 HIGH HOLBORN, W.C.1. Telephone: Holborn 1951-2 
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An oil-fired boiler 


being vacuum cleaned. 


Sturtevant Central Vacuum Cleaning Plant and 
Portable Machines are widely used for flue and 
boiler cleaning in stoker, P.F. and oil-fired boiler 


plants of all sizes. 


INCREASED BOILER AVAILABILITY 


Sturtevant central cleaning plants have a very 
high cleaning capacity and embody the most 
efficient dust settling apparatus. Not only is 
boiler availability increased, but large volumes of 
flue dust are simply and cleanly extracted, thus 
transforming an otherwise laborious and objec- 


tionable task into a clean operation. 


For further particulars write to our 
reference N/101/26. 


Dust settling apparatus in a London Power 


Station with Sturtevant central vacuum cleaning 
and boiler flue cleaning plant. 


AUSTRALIA 
STURTEVANT ENGINEERING CO. (AUSTRALASIA) LTD. 400, SUSSEX STREET, SYDNEY, N.S.W. 
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75 motors in a large chemical plant 


-all controlled from one central panel 


This Dewhurst panel, recently installed 

in an extensive chemical plant situated in the 
Midlands, provides positive central control 

of 75 motors, ranging from $ to 50h.p. located 


in various processing departments of the plant. 


DEWHURST & PARTNER LIMITED 


INVERNESS WORKS > HOUNSLOW: MIDDLESEX 


Telephone: Hounslow 0083 (8 lines) Telegrams: Dewhurst Hounslow 


and at BIRMINGHAM + GLASGOW - GLOUCESTER - LEEDS - MANCHESTER - NEWCASTLE - NOTTINGHAM 
DP.IS 
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We are exhibiting at the 


CHEMICAL & PETROLEUM 
EXHIBITION 


NATIONAL HALL * GROUND FLOOR 
ROW P STAND 8 * JUNE 18-28 


UNIVERSAL & 
© INTERNATIONAL 
se EXHIBITION 

BRUSSELS 


APRIL 17 - OCT. IS 


BRIT. INDUST. PAVILION 
STAND J. 


First Cyclo 
central-statior 


| in Britain . 
Barking, with its A, B and C station 
the largest single concentrations of 
station generating plant in Europe, with 
total installed capacity of ? million kilow us 
All theboilers at Barking are BABCOCK 
units and the latest, No. 44, is the first central- 
with Cyclone-firing. This is a Radi 
at 950 lb./sq. in. and 940°F, equipped with thre 
burning crushed coal, with axial e 


nit operating in Great Britain 
iler with an output of 540,000 Ib./hr. liam | 
diameter Cyclone Furnaces esi Bi 


Solves the ash-disposal prol 


The Cyclone Furnace, by converting the ash to a granular slag th 
usable on civil works, provides an effective, economic solution of 
It burns a wide range of coals with high efficiency; impro 


ily handled and readily 
disposal problem. 
iler-availability; is 


If 
“Ss 


Over 100 BABCOCK 
Cyclone-fired boilers 


are ordered or in service in various 


countries. In Britain, units in 


service, under construction or on 


order, range from large industrial 
boilers of 200,000 lb./hr. up to 
central-station units of 860,000 
lb./hr. to steam 120 MW generators. 


BABCOCK & WILCOX LTD., BABCOCK HOUSE, 209 EUSTON ROAD, LONDON, N.W.I. 
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for Codd {| 


providing 5-speech circuits each having a bandwidth of 300 c/s - 3400 c/s. 


This operates over distances of up to 40 miles (65 km), without repeaters in any 


one of the following frequency bands. 


71.5-100 Mc/s 1382-156Mc/s 156-184Mc/s 235-270 Mc/s 
FOR FURTHER INFORMATION, PLEASE WRITE FOR STANDARD 


SPECIFICATION SPO 5051. 


* Everything for Telecommunications by open-wire line, cable and radio; single and multi-circuit and TV link; short, medium and long 
haul, Automatic and Manual exchanges. 


THE GENERAL ELECTRIC COMPANY LTD. OF ENGLAND 
TELEPHONE, RADIO AND .TELEVISION WORKS, COVENTRY 


GE6A 


XRI-12 


The basic advantages of Xenon thy- 
ratrons are enhanced in the Mullard 
XR1-6400A and XRI-12 by a new 
type of construction which provides 
improved electrical and mechanical 
performance. 


The XRI-I2 will continuously 


control currents of up to 12 amps, 
while the maximum capacity of the 
XR1-6400A is 6.4 amps. These two 
valves are rugged and their long life 
is backed by a year’s guarantee. 
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New Disc-Seal 
construction gives 
these positive 


advantages 


* High hold-off voltage 
* Freedom from arc-back 
* Ruggedness 

* Long life 

* A year’s guarantee 


Their heating-up time is only one 
minute and they will operate effi- 
ciently over a wide range of ambient 
temperatures. 

Both types can be employed with 
confidence in a variety of power 
control applications including direct 
welding control, lighting control, 
motor control, electronic switches 
and regulated power supplies. 
Write to the address below for 
full data. 


XR1-6400A 


; XR1-12 


SAN HCE FE CRE VR ON AE 


“Mullard Limited 


fiullard House: Torrington Place "London W.C.| 


va(pk) | P.I.V. | ik (pk) 


Tel. LANgham 6633 
A 


IEEE: 
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6 and 12 amp 
Xenon Triode 


Thyratrons 


RBs ntrescon nen acai epoensaa Naar sip 
ENED YE pe ise G 


of A t oe 
fh a SSS LEER AUS ARS LY 


vera eaten 
Bice 
is 


i 
Bs 


t INDUSTRIAL VALVE DIVISION os 
, 
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A 
Hoseproot Twin 
Pedal Control 
Switch for use in 
conjunction with a 
contactor _ starter. 
Arranged for for- 
ward and_ reverse 
operations. 


Flameproof 2-point 
start/stop switch 
with indicating 


M. & C. SWITCHGEA 


PUSHBUTTON 
SWITCHES 


Flameproof 2-point start/stop 
switch with ammeter. 
Tropicalised ammeter can be 
provided. > 


2-point start/stop 
switch with 
ammeter. v 


2-Point start/stop 
switch. 


Flameproof 2-Point 
start/stop switch. > 


KIRKINTILLOCH, GLASGOW. 


LONDON OFFICE, 36 VICTORIA ST., S.W.1. 


R, LTD 


SHEFFIELD OFFICE, OLIVE GROVE RD. 
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_ COPPER-OXIDE 
on 


1A 


VEHICLE C 


WESTINGHOUSE BRAKE & SIGNAL CO. LTD., 
82 York Way, King’s Cross, London, N.1. Phone: TERminus 6432 
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lien | 


THORPE MARSH 


Precipitator for world’s largest 


boiler unit to be built by 


SIMON-CARVES LTD 


Removing 12 tons 
of dust an hour 


At the new Thorpe Marsh power station, to be built for the Central Electricity 
Generating Board, Simon-Carves have been entrusted with the design and 
construction of the electro-precipitation plant which will have what is believed 
to be the heaviest duty yet proposed for precipitators on a single boiler unit 
anywhere in the world. 

The unit will have an output of 550 MW and the boiler is expected to produce 
more than one and a half million cubic feet of flue gas per minute. The plant 
will remove fine dust, which would otherwise pollute the atmosphere, at a 
rate of about 12 tons an hour. \ 


f= a ee ee ee ei | 
PREVENTING AIR POLLUTION 


Gas volume per boiler 
STATION (cubic feet per minute) 


THORPE MARSH over 1,500,000 


PADIHAM ‘B’ 
DRAKELOW ‘B’ over 300,000 
WILLINGTON ‘A’ 


HAMS HALL ‘C’ 
BOLD ‘B’ 
ROGERSTONE 


CHADDERTON ‘B’ 
FLEETWOOD 
HACKNEY ‘B’ 
HUNCOAT 


MW per unit 


This table of Simon - Carves 
precipitators for power stations 
of the Central Electricity Gen- 
erating Board emphasises the 
magnitude of the Thorpe Marsh 
Project. High average efficiency 
on plants already tested enables 
Simon -Carves to accept this 
8reat responsibility with complete 
confidence. 


over 200,000 


over 100,000 


HIGH EFFICIENCY ELECTRO-PRECIPITATION BY 


Simon-Carves Ltd 


STOCKPORT, ENGLAND 


OVERSEAS COMPANIES Simon-Carves (Africa) (Pty) Ltd; Johannesburg Simon-Carves (Australia) Pty Ltd: Botany, N.S.W. 


~ $C 193/PS 
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BTH COMPRESSING PLANT 
AT DRIEFONTEIN GOLD MINE 


This BT'H motor-driven air compressor | vaal. The machine* Operates at an ex- 
supplied to New Consolidated Gold- | tremely high efficiency and delivers 
fields Ltd. is now in service at West | 20,000 cubic feet a minute at 90 pounds 
Driefontein Gold Mine in the Trans- | per square inch. 


eee rr ie 


*The design of the machine embodies Oerlikon patents 
Nos. 54268 and 558910. 


oe) 


Turbine and motor-driven centrifugal | Thomson-Houston in a wide range of | 
blowers, boosters, compressors, and | capacities suitable for collieries, gas 
exhausters are produced by British | works, and general industrial purposes. 

j 


Are you using our advisory service? 


If you are planning new installations or 
re-planning old ones, we invite you to con- 
sult our technical department at the 
design stage. Their experience may save 
you time and trouble. 


BRITISH THOMSON-HOUSTON 


THE BRITISH THOMSON-HOUSTON COMPANY LIMITED » RUGBY * ENGLAND: 
Member of the AEI group of companies 


A5042 
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Ferranii 


High Voltage 
T esting | Equipment 
installed at the. 
Manchester College 
of Science and 


years’ experience in the man ; actur and develop. 


|. 2 ment of electrical apparatus 
Technology ) = —- 


FERRANTI 


eT 149 
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HOLLOW 
COPPER 
CONDUCTORS 


for rotor and stator windings of 
direct-cooled alternators and 
other electrical equipment. 
Made from H.C., 
‘*‘Combarloy’’, and 
other silver-bearing 
h.c. copper. 


Your enquiries are 
invited, and the 
services of our 
Technical Staff 
gre at your 
disposal. 


175 YEARS 
SERVICE 
To 
INDUSTRY 


THOMAS BOLTON & SONS LTD 


Head Office: Mersey Copper Works, Widnes, Lancs. Tel. Widnes 2022 
London Office and Export Sales Dept.: 168 Regent Street, W.1. Telephone: 
REGent 6427. WORKS: STAFFORDSHIRE: Froghall and Oakamoor, 
Stoke-on-Trent. LANCASHIRE: Mersey Copper Works, Widnes; Sutton 
Rolling Mills, St. Helens. 
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» Gwitches 


For Instrument and Electronic Applications 


* Cat. No. 81058-BT. Cat. No. 81046. Cat No. 81055-B- 


Double Pole Double Single Pole Single BP. Double Pole 
Throw. 2 Position Throw. 2 Position Single Throw. 2 
Lever Type. Back Lever Type. Back Position Insulated 
Connecting Lugs. Connecting Lugs. Lever Type. Back 


Connecting Lugs. 


The exacting conditions of service demanded by modern 
techniques in electronic equipment and instrument develop- Circuits available S.P.S.T., $.P.D.T., D.P.S.T., D.P.D.T. 
ment are fully matched by this new range of ARROW 
bakelite enclosed switches. 

Their main characteristic is the maintenance of low contact Maximum rating 3 amps at 250V AC/DC 
resistance after considerable life. 


“e BIASED ACTION SUPPLIED FOR ALL CIRCUITS 


Write today for full particulars of these instrument switches. 


ARROW ELECTRIC SWITCHES LTD - HANGER LANE - LONDON, W.5 


Right from the first... 


A job completed in METALLIC 
conduit is a job completed for 
good. METALLIC finishes 
ensure complete protection 
against -corrosion, and will 
withstand bending without the 
slightest flaking. This dura- 
bility, coupled with consistent 
accuracy, ensures easier in- 
stallation and maintenance. 


UL 


a= 


WNIT 


they’re made 


to last... CONDUIT TUBES 


& FITTINGS 


A 
@®™ COMPANY THE METALLIC SEAMLESS TUBE CO. LTD., LUDGATE HILL, BIRMINGHAM 3 
ALSO _AT_ LONDON, NEWCASTLE-ON-TYNE, LEEDS, SWANSEA & GLASGOW 


€B) 
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S.T.C. Communication and Control Systems For 
The Kariba Hydro-Electric Project 


The largest man-made lake in the world, at Kariba Gorge on the Zambezi River, is being harnessed 
to produce electric power which will be transmitted under the control and supervision of equipment 
supplied by S.T.C. 

Telecommunication and Remote Control systems of the most modern design will permit routing of 
the power at 330,000 volts to the “‘Copper Belt’’ towns in Northern 
Rhodesia, and to important towns in Southern Rhodesia, involving 
transmission lines of a total length of 935 miles. 

The unique experience of S.T.C. in this field has been a deciding factor 
in the company being chosen as the sole contractor responsible for the 
supply and installation of: Power line carrier equipment - Voice 
frequency telegraph equipment ‘ Remote controland remote indication 
equipment - Remote metering equipment - Teleprinter equipment 
Photo-facsimile equipment - Telecommunication equipment. 


Srondard Telephones and Cables Limited 


Registered Office: Connaught House, Aldwych, London, W.C.24 
TELEPHONE DIVISION: OAKLEIGH ROAD - NEW SOUTHGATE - LONDON .- NII 
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STERLING PAINTS FOR 
FLOOD PAINTING 
TRANSFORMERS 


Photo reproduced by court- 
esy of Messrs. Ferranti Ltd. 


Use STERLING PAINTS for flood paint- 


ing transformer tanks, and you can— 


%* Cut labour costs by 50% 
%*% Cut paint consumption by 25% 
* Get protection where it is needed 


Requests for further information will be 
welcomed. 


MADE BY CHEMISTS 


Sterlin 


INSULATING VARNISHES 


9, 


SPECIAL PAINTS 


os 


| SERVICED BY ENGINEERS 


| THE STERLING VARNISH CoO. LTD. 


Fraser Road, Trafford Park, Manchester 17 


| Telephone: Trafford Park 0282 (4 lines) Telegrams ‘DIELECTRIC MANCHESTER 
London Office & Warehouse: 6 London Rd., Brentford, Middx. Tel: EALING 9152 


RICHARD JOHNSON & NEPHEW LIMITED, MANCHESTER 11 Tel. EAST 1431 | 


dmS1 


REORD 


Also manufacturers of 
“Cirscale” (reg. trade name) 
Ammeters, 
Voltmeters, 
Wattmeters, 
Frequency Indicators, 
Power Factor Indicators 
and Rotary Synchroscopes, 
Portable Testing Instruments, 
Protective Relays, 
“Cirscale” 

Electric Tachometers, etc. 
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Imside story . e @ 


GRAPHIC RECORDING INSTRUMENTS 


are the fastest and most sensitive direct writing Recorders 


now available. 
E.g. 0/100 microamperes, consumption 0°2 milliwatts 


response time 0°4 second * 
0/1°5 milliamperes, consumption 50 milliwatts, 


response time 0'l second * 
(To within 2% of indication)* 


The secret of this remarkable performance lies in the generously 
proportioned movement which is designed to utilise every available cubio 
inch of a case which occupies the minimum of panel space. 


A wide selection of other ranges can be quoted according to requirements, 
including Amperes, Volts, Watts, Vars, Frequency and R.P.M., also 
multi-range with Clip-on Transformer. 


THE REGORD ELECTRIGAL CO. LTD 


“ CIRSCALE WORKS,” BROADHEATH, ALTRINCHAM, CHESHIRE 


= 8651-1 
Offices at Belfast, Birmingham, Bristol, Dublin, Glasgow, Leeds, London € 
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/; CUBICLE CONTROL GEAR 
— > —_FOR SERVICE IN 
ANY CLIMATE 


xc Complete accessibility to all 
Starters and Switches. 


* Lift off doors for safe and 
immediate examination. 


%* Mechanical 
Interlocks. 


and Electrical 


* For Indoor or Outdoor use in 
any climate. 


PATENT No. 783957 


TWO OUTDOOR FUSE SWITCH AND 
MOTOR CONTROL BOARDS FOR A 
DISTILLATION PLANT IN KUWAIT 


ELECTRO MECHANICAL MFG. CO. LTD. 


Associated with Yorkshire Head Office and Works: MARLBOROUGH STREET, SCARBOROUGH. Telephone: SCARBOROUGH 2715-6 
Switchgear and Eng. Co. Ltd. London Office and Showroom: GRAND BUILDINGS, TRAFALGAR SQUARE, W.C.2 Telephone: Whitehall 3530 


Thermal conductivity C.G.S. Units .. °054 


Most electrical insulators are poor conductors of 
heat, but SINTOX has a thermal conductivity 
twenty times that of porcelain—almost comparable 
with steel. 


@eeeeeegee 


SINTOX already has many applications in the 
electronics field. For instance, for carbon pile 
voltage and current regulators, and in the repeaters 
used for the Trans-Atlantic cable. Other applica- 
tions in the electrical industries are legion. 


THE HARD CERAMIC 


Sintox Technical Advisory Service 
This service is freely available without obligation to those 


requiring technical advice on the application of Sintox SINTOX IS 
Industrial Ceramics. Please write for booklet or any MANUFACTURED BY 
information required enclosing blue print if available. LODGE PLUGS LTD., RUGBY 


Q33 
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Illustrated is a CHESTER MAFOR switch- 
board supplied for controlling the materials 
handling system in a tin mine in Tanganytka. 


Extreme accessibility with complete isolation 


permits safe, simple maintenance by unskilled 


native labour. 


BROOKHIRST 


FOR GROUPED MOTOR 
CONTROL the safe, dependable 
choice is a CHESTER MAJOR 
switchboard. 

Consider these features—short cir- 
cuit protection up to 35 MVA; all 
isolating swing-out or draw-out 
starting panels; every component 
tested in excess of BS specifica- 
tions. Then add—backed by 60 
years’ experience; fully tooled; 
short delivery. 


In every respect it will pay you to 


switch to the CHESTER MAJOR. 


CHESTER MAJOR SWITCHBOARD 


BROOKHIRST SWITCHGEAR LIMITED NORTHGATE WORKS CHESTER 


A METAL INDUSTRIES GROUP COMPANY 


cys-61 
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DONOVAN 


“Tilustrated is the Special Type A98 Car 
Body Conveyor Assembly Control Switch- 
board. Each Unit Panel CAN BE WITH- 
DRAWN IN A FEW MOMENTS, per- 
mitting Maintenance or replacement with 
minimum disturbance to production. 


THE DONOVAN ELECTRICAL CO. LTD. 
GRANVILLE STREET, BIRMIN;jG]HAM 1. 


LONDON DEPOT: 149 YORK WAY, N.7. GLASGOW DEPOT: 22 PITT STREET, C.25 


One of the Galt 


“K” Series of Meters 
__ 


WRITE FOR BOOKLET ON THIS SUBJECT 


N 
N\ 


3 PHASE 
3 WIRE 
PREGISION 
PATTERN 
with “FLICK” 
CONTACTOR 


Please apply to us 
for appropriate 
Catalogue Sec- 
tions covering the 
“K”’ series of 


“WTGLOVERECO.LTD. =; ro 
de PARK MANCHESTER I7 2 Chamberlain & Hookham Ltd. 
TRAFFORD PARK 2141 SOLAR WORKS, BIRMINGHAM 5. Telephone: Midland 0661 & 0662 


London Office: Magnet House, Kingsway, W.C.2. Telephone. Temple Bar 8000 
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In Australia, in Canada, 
in Asia, in America, 


in Europe, in Africa, 


in every continent of the 220-kV small-oil-volume circuit-breakers in Australia 


world, Reyrolle circuit- 


—from generation 
breakers control and 


at the power-station 
protect electrical supply 


down to local distribution 
at every point of the system — 

in the factory, 

their reliability in service 


has been proved 


under every climatic condition 


220-kV smaii-oil-volume circuit-breakers in Canada 


Reyrolle 


A. REYROLLE & COMPANY LTD 
HEBBURN : COUNTY DURHAM - ENGLAND 
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B SPIRAL TUBE 


for ALTERNATORS GENERATORS TRANSFORMERS 
Pe VALVES and RECTIFIERS 


Over many years the company’s Technicians 
have progressively developed special cooling 
equipment in conjunction with Alternator 
Motor and Transformer Manufacturers. 


The extensive knowledge gained thereby 
ensures the successful solution of all cooling 
problems. 


For most installations either water-cooled or 
air-cooled equipment .is used, the usual 
Alternator or Motor Cooler is water-cooled, 
whilst for Transformer Cooling both water 
and air-cooled designs are in common use. 


Each installation receives individual attention, 
and is designed to meet with requirements 
peculiar to the particular design and conditions. 


Other products include Unit Heaters, Air 
Heaters, Diesel Engine Coolers. 


Closed circuit Spiral Tube Air Coolers fitted to Alternators manufactured by the 
Lancashire Dynamo & Crypto Ltd., installed at the East Greenwich Power 
House of the S.E. Gas Board. 


THE SPIRAL TUBE & COMPONENTS CO. LTD., OSMASTON PARK ROAD, DERBY. TELEPHONE: DERBY 48761 (3 lines) 
—_———_———London Office and Works: Honeypot Lane, Stanmore, Middlesex. Tel: Edgware 4658/9 


THE PROCEEDINGS OF THE 
INSTITUTION OF ELECTRICAL ENGINEERS 


TEN YEAR INDEX 
1942—1951 
TEN-YEAR INDEX to the Journal of The Institution of Electrical 


Engineers for the years 1942-48 and the Proceedings 1949-51 j 
(vol. 89-98) can be obtained on application to the Secretary. 


The published price is £1 5s. od. (post free), but any member 
of The Institution may have a copy at the reduced price 
of £1 (post free). 
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Making steel. A blast furnace man at work in one of Britain’s busy steel mills. 


C.M.A. Cables at work 


In Britain’s busy steel mills, in factories all over the country, at home or 
abroad, wherever you go C.M.A. cables are at work. In the air, under- 
ground or under-water, in ships, coalmines and powerhouses, C.M.A. 
cables are transmitting power, unobtrusively ... reliably . . . year in 
year out. For over 100 years members of the Cable Makers Association 
have been concerned in all major advances in cable making. Together, 
member firms of C.M.A. spend over one million pounds a year on 
research and development. At every stage from raw material to finished 
cable, technical knowledge is pooled and research co-ordinated to avoid 
wasted effort. This highly-organised co-operative research activity has 
contributed largely to the world wide prestige that C.M.A. cables enjoy. 
It has put Britain at the head of the world’s cable exporters. Technical 
information and advice is freely available from any C.M.A. member. 


MEMBERS OF THE C.M.A. 


British Insulated Callender’s Cables Ltd. 
Connollys (Blackley) Ltd. Enfield Cables Ltd. 
W. T. Glover & Co. Ltd. Greengate & Irwell 


Works Co. Ltd. Johnson & Phillips Ltd. The 
Liverpool Electric Cable Co. Ltd. Metropolitan 
Electric Cable & Construction Co. Ltd. Pirelli- 
General Cable Works Ltd (The General 
Electric Co. Ltd). St. Helens Cable & Rubber 
Co. Ltd. Siemens Edison Swan Ltd. Standard 
Telephones & Cables Ltd. The Telegraph 
Construction & Maintenance Co. Ltd. 


mz 
! | 
| 
| | 
| Rubber Co. Ltd. W. T. Henley’s Telegraph : 
| 
| 
| | 
| | 
s&s 
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Overseas Agents: 


LODGE - COTTRELL ‘LIMITED, GEORGE | ST. "PARADE, BIRMINGHAM. 
Continental Europe: 
SOUTH AFRICA: 
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Lodge-Cottrell 


IN ELECTR 


PIONEERS AND SPECIALISTS — 


IGAL PRECIPITA TION 


This installation of 8 Lodge-Cottrell Electrofilters at 


South Freemantle P 


ower Station carried guarantees 


of 96.5% dust collection efficiency. This figure was 


exceeded on test. 


Be 


Tel: Central 


ceceere ee ee eee ee ee eee eee ee eee eee reese 


DUSSEK BROTHERS & CO.,LTD. 


TRANSFORMER OIL 


Dussek Bros, are the distributors of ‘“‘Lobitol’”’ Trans- 
former Oil for Lobitos Oilfields Ltd., the pioneer 
producers of transformer oil in Great Britain. ‘““Lobitol”’ 
quality complies in full measure with B.S. requirements 
and satisfies those of many foreign countries. Quality 
guards ‘“‘Lobitol’” from the oil wells to 
transformer installations wherever 


they may be, 


You can depend on 
Dussek 


eee 
"eee eo eee ee 


Please write to Advisory Dept. P.E.2. 


THAMES ROAD, CRAYFORD, KENT 
Telephone; BEXleyheath 2000 (5 lines) 


seen to be quite clear and are close bering he 


The tops of two stacks can be __ 


: 


7714. LONDON Gentral 5488 


Léon Bailly, Ingénieur Conseil, Avenue des Sorbiers, Anseremme-Dinant, Belgium. 
Branch Office 76, Magor House, 74, Fox Street, 
AUSTRALASIA: F. S. Wright, 465 Collins Street, 


Johannesburg, South Africa. 
Melbourne, Australia. 
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ZENITH 
at REDU 


*REGD. TRADE-MARKS 


the Original 


Reg Trede Mark 


THE ZENITH™ ELECTRIC COMPANY: LTD. 
LONDON, “N.W.2 ENGLAND.. 


The ZENITH 


Continuously-Adjustable Autotransformer 
“with: Exclusive Dueattak Contact Surface.~ 


New and Improved 


““WVARIACS” 
CED PRICES 


Due to increased de- 
mand, up-to-date design 
practice and modern pro- 
duction methods, we are 
able to announce substan- 


tial price reductions on most 
““VARIAC’’ models. 


Most ‘‘VARIACS”’ have 
the exclusive DURA- 
TRAK brush track which 
gives longer life, increased 
overload capacity and 
maximum economy in 
maintenance. 


Our comprehensive catalogue, 
which covers over 170 models, 


will be gladly sent on request, 
ELECTRIC CO. Ltd. 


ZENITH WORKS, VILLIERS ROAD, WILLESDEN GREEN 
LONDON, N.W.2 


Telephone: WILlesden 6581-5 


Telegrams : Voltaohm, Norphone, London 
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MAIN FEATURES: 
e Available from 25 Mc/s to 174 Mc/s. 


e Unit chassis construction 


eF.M. or A.M. simplex or duplex. eUp to 6 switch-selected channels. 
e Low battery drain e Light weight 
e Split-channel selectivity ¢ Low cost installation and maintenance 


The following features are optional: 

Channel spacing:—A.M. Type V: 20, 25, 30 kc/s. Type N: 40, 50, 60 ke/s. 
Type W: 100 kc/s or greater. F.M. Types: 40, 50 or 60 kc/s. 

Public Address and Re-broadcast facility on A.M. Types. 

Fist microphone or telephone handset. 


All Ranger Mobile 
Models are available 
for 6, 12 or 24 

volts power supplies. 


Mobile Ranger Equipment Fixed Stztions. 
A. 20 watt F.M. Boot-Mounted Unit G. 20 watt F.M. Fixed Station PTC 
PTC 8201/2. 8701/2. 
Please write for details. B. 15 watt A.M. Boot-Mounted Unit H. 15 watt A.M. Fixed Station PTC 
PTC 2201/2. 723/4. 
C. 10 watt F.M. Boot-Mounted Unit I. 50 watt A.M. Fixed 
PTC 8101/2. Station PTC 753/4. 
D. 5 watt A.M. Boot-Mounted Unit : 
PTC 2101/2. . 
>» 4 E. 10 watt F.M. Dash Mounted Unit Oy \ 
PTC 8001/2. \ 
F. 5 watt A.M. Dash Mounted Unit \ 
PTC 2001/2. Pe _ 
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The world’s largest 
turbo-generator 
for Britain 


The Central Electricity Generating Board 
have ordered a PARSONS 550,000 kW turbco- 


generator to be installed in the projected 
Thorpe Marsh Power Station, Yorkshire. 
This machine, the largest generating 
set in the world, will consist of 

two lines arranged in line ahead, 
each line comprising four 
cylinders driving a 
275,000 kW three 


phase generator. 


Parsons have also received the 
order to construct the condensing 
and feed-heating plant for this 
machine. 


Steam conditions :— : 


Pressure : 2,300 Ib/in? © 
Temperature: 1,050° F 
Reheat : 1,050° F 


Exhaust Vac: 28-7 in. Hg. 


All eight main cylinders will be of the double flow type with high pressure 
cylinder on “A” line taking the 550 MW steam flow. Exhaust steam from 
this cylinder will be reheated and passed to the first intermediate pressure — 
cylinder on “B” line. Thereafter the steam divides equally between duplicate — 
second intermediate pressure cylinders, one on each line, final expansion of 
the steam being through two low pressure cylinders on each line. 

Each generator will operate at 18,000 volts -85 P.F.: 50 cycles per second — 
at 3,000 r.p.m. Stators will be hydrogen cooled with direct water cogs 
windings. The rotors will be direct cooled. 


Rimes 


C. A. PARSONS & COMPANY LIMITED - HEATON WORKS - NEWCASTLE UPON TYNE 6 
i: 
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Son: Is that a Roman Candle with three tops, Daddy? 


Father: No, son— it’s called an indoor 
terminal box. 


Son: What's it for, Daddy? 


Father: Well, er... Pll tell you 


when you’re twelve. 


& Son: That’s what Mummy’s always saying. 


Father: And if you’ll move over a bit, 
Ill telephone Henley’s 
as I want some quickly. 


Son: Henley’s? 


Father: Henley’s are,a large firm— they 
make these things. 


Son: Do they make Roman Candles, too? 


Father: They do not. They make electrical things, 
and I only wish their range included 
a silencer for small boys! 
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SUMMARY 

The paper outlines the power requirements of large wind tunnels, 
with particular reference to the compressor driving plant for high-speed 
and multi-purpose tunnels. After briefly reviewing available driving 
methods, with examples of typical installations on existing tunnels, 
the needs of a particular research establishment are described. There 
two or more large wind tunnels are being built, each requiring high 
‘powers at variable speed and using synchronous motors for the main 
driving power. 

To meet these requirements, the case for a system consisting of a 
‘ixed-frequency supply from the Grid and a variable-frequency supply 
generated on site is discussed. 


(1) INTRODUCTION 


The rapid development in aircraft performance brought about 
py the last war showed clearly that the existing research facilities 
or investigating fundamental problems in aerodynamics and for 
model testing would have to be greatly extended. As the speed 
pf aircraft approached the speed of sound there was a pressing 
need to study the problems of transonic and supersonic flight, 
out the supersonic wind tunnels in this country were few in 
yvamber and small in size. The need was for larger supersonic 
‘unnels in which Reynolds numbers of at least the same order of 
magnitude as those obtaining in actual flight could be reached 
and in which comparatively large-scale models of complete air- 
craft could be tested. 

The aircraft industry itself, after the war, laid down a number 
of new tunnels of various sizes, and the Government planned to 
2xfend its own testing facilities by building a number of larger 
“nels covering both low and high speeds at a new Government 
esearch establishment. Individual wind-tunnel drives of the 
sider of 50000h.p. and upwards were required, and the total 
nvtalled motor horse-power was expected to exceed 200000 h.p. 


Messrs. McKearney, Drake and Mallalieu are at the Ministry of Works. 
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It was therefore necessary to examine the power requirements of 
the different types of wind tunnels to be built and to decide how 
they could best be met. 


(2) POWER REQUIREMENTS 


Ideally the conditions under which a model is tested in a wind 
tunnel should be dynamically similar to the free-flight conditions 
of the body of which the model is a scale copy. In practice, some 
factor, be it the power required to operate the tunnel, the cost of 
running the tunnel, the cost of building the tunnel or the strength 
of the model or its ‘sting’, makes it impossible to achieve com- 
plete dynamic similarity. Under these conditions it is usual to 
satisfy the most important of the similarity conditions and to 
tolerate discrepancies in others. 

In low-speed tunnels, the compressibility of the air is unim- 
portant and conditions can be arranged so that departures from 
dynamic similarity between the model in the tunnel and the full- 
scale body in free flight can be tolerated. In high-speed tunnels, 
however, the compressibility of the air has to be taken into 
account, and both the free-flight Mach number and the free- 
flight Reynolds number should be achieved in the tunnel. 
Although it is comparatively easy to obtain the free-flight Mach 
numbers, invariably the free-flight Reynolds numbers are not 
achieved, and it is the need to approach these more closely that 
has led to the development of high-power drives for high-speed 
wind tunnels.! 

Wind tunnels can be divided into five types: 

(a) Low-speed tunnels, in which the free-stream Mach numbers 

are less than 0-3. 

(b) High subsonic-speed tunnels, in which the free-stream Mach 

numbers are less than unity but greater than 0-3. 

(c) Supersonic tunnels, in which the free-stream Mach numbers 
are greater than unity. 

(d) Transonic tunnels, in which free-stream Mach numbers 
greater and less than unity are both present. 

(e) Multi-purpose tunnels, which combine two or more of the 
above types in one tunnel. 
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(2.1) Low-Speed Tunnels 


In low-speed tunnels the speed of the undisturbed air flow in 
the working section is less than M = 0:3, i.e. about 250m.p.h. 
at sea level, where M is the Mach number. The influence of the 
compressibility of the air in this range of speeds is negligible, 
so that, if the Reynolds number of the model in the wind tunnel 
is the same as that of the full-scale body in free-flight conditions, 
a difference in velocities is not very important. 


(2.2) High-Subsonic-Speed Tunnels 


For subsonic-speed tunnels the speed of the air stream is 
usually controlled by varying the speed of the compressor, for 
which a wide range of operating speeds and accurate control of 
speed are required. Two typical sets of conditions would be a 
10 : 1 speed range with an accuracy of 0:25 % of maximum r.p.m. 
or 5:1 speed range with an accuracy of 0-:1% of set speed 
(r.p.m.). For such applications, the Ward Leonard drive with 
electronic or magnetic-amplifier control is ideal, and generally 
such drives present no special difficulties. 


(2.3) Supersonic Tunnels 


The speed of the air stream is governed by the shape of the 
convergent-divergent nozzle which accelerates the air upstream 
of the model. Changes in speed are effected by changing the 
shape of the nozzle, the speed of the compressor remaining 
unchanged. Some control of compressor speed is desirable, 
however, in order to obtain better matching of the compressor 
and tunnel characteristics and thereby to save power. When it is 
realized that the power required to drive a supersonic tunnel is of 
the order of 1000-3 000h.p. per square foot of working section, 
and that in the 8ft x 8ft high-speed tunnel at the Royal Aircraft 
Establishment, Bedford, the total driving power is 80000h.p., 
it will be appreciated that, if better matching gives a saving in 
power of only 1 or 2% of this figure, there will be an appreciable 
saving in running costs. 

The power requirements of drives for supersonic wind tunnels 
can usually be met by a slip-ring induction motor with rotor 
control to give 15-20% reduction in speed, with an accuracy of 
speed control of about 0-25 % of r.p.m. 


(2.4) Transonic Tunnels 


Accurate control of speed over a small speed range is required 
for transonic tunnels. A composite drive of a.c. slip-ring induc- 
tion motor coupled to a d.c. pony motor would be a suitable 
driving combination for a large transonic tunnel to provide a 
speed range down to 90% of maximum r.p.m. and an accuracy 
of control of 0:1% of r.p.m. 


(2.5) Multi-Purpose High-Speed Tunnels 

There are obvious advantages to be gained from combining 
two or even all three of these basic types of high-speed tunnel, 
i.e. high subsonic, supersonic and transonic into one tunnel. 
There is the saving in the cost of the tunnel itself compared with 
the cost of two or three single-purpose tunnels. There is also 
the saving in the time taken to carry out the full range of tests on 
models of aircraft designed for supersonic speeds as well as the 
advantage of being able to compare directly the results of all 
the tests. 

Offsetting these advantages in such a combined, or multi- 
purpose, high-speed tunnel is the difficulty of providing a drive 
and control system capable of meeting the operating conditions 


of high power, wide speed range and accurate speed holding 
throughout the range. 
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(3) REVIEW OF WIND-TUNNEL DRIVES 


(3.1) General 


Most wind-tunnel fans, or compressors as the larger multi-stage |) 
air impellers are better termed, are driven by electric motors, since | 
the reliability, cleanliness, range and precision of control and } 
general convenience in working make this method ideal from an) 
operational point of view. 

Where very large powers are concerned, however, electric 
drives are likely to be subject to tight restrictions imposed by} 
operating schedules, which limit power and working hours and 
which are designed to keep the site maximum demand, and} 
hence maximum-demand charges, within a given figure. This 
leads to a consideration of direct drive by prime movers or of site} 
generation of electrical supply as an alternative to, or used in, 
conjunction with, the public supply. 

The choice of drive is influenced also by the required power 
range, the speed range and the capital cost of the plant. ; 

A review of the field of existing and projected wind-tunnel 
drives indicates a general trend towards combinations of a.c. 
synchronous and induction-motor drives for the large special-/) 
purpose tunnels, but with the Ward Leonard system paramount} 
for the smaller subsonic tunnels, where wide speed range and 
precise control of speed are necessary. There is a tendency to 
rate motors for continuous duty, and, except in the case of very 
small tunnels, to mount the drive outside the tunnel with a shaft I 
drive to the fan or compressor in the closed air circuit. 

Use can be made of a variable-pitch fan to vary the air speed,» 
and this gives much quicker control than varying the drive r.p.m.,/ 
but the complications involved in applying pitch change to the 
blades of a multi-stage compressor rule out this method for any 
but the simpler types of fan. A synchronous motor is generally} 
used and the blades put into flat pitch for starting, thus leading to™ 
a more efficient use of the motor power as limitations in pull-in/ 
torque are avoided. . 


(3.2) Ward Leonard Drive 


r.p.m. at a high efficiency. High torque at low speeds can be! 
covered, as this form of drive is one of constant torque over the 
whole speed range from full speed to the limits of stability of the} 
particular system at low speed. : 


by the Ward Leonard system on account of the ease of speai 
control and the large range of speed. In these tunnels the) 
parameter 4pv” must be kept constant by control of drive speed, 
and changes of pressure of the order of 0-001 mmHg can be 
detected by the measuring apparatus. With this system, auto- 
matic speed control can be introduced comparatively easily tc) 
hold the speed within limits which are now required to be better) 
than 0-1% of top speed. . 

This form of drive is also useful for small high-speed tunnels): 
and other research facilities where wide speed range and flexibility, 
of control are an important consideration. | 

The capital cost is very high, however, being about four to five) 
times that of an induction-motor drive of equivalent power) 
There is an upper limit of about 20000h.p. above which the 
machines become difficult to arrange, as multi-unit systems have 
to be used. Prevention of instability between the sets is <) 
problem. 


A typical Ward Leonard drive has been installed in the 


mounted outside the concrete tunnel shell and a shaft drive i: 
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Fig. 1.—Ward Leonard drive and speed-control system. 
13ft x 9ft low-speed wind tunnel, R.A.E., Bedford. 


coupled to a gear-box in the fan nacelle, the fan being a large- 
\diameter single-stage type with fixed blades. A Ward Leonard 
iset supplies the variable voltage to enable the drive motor to cover 
ja speed range of 1100-135r.p.m. Control of speed by regulation 
/of generator excitation is effected through a metadyne system 
/which can be arranged to respond to manual control, to signals 
‘from speed error-detecting equipment, or to the output of a 
esensitive pressure balance, according to the control parameter 
‘required. 

In the high-speed laboratory of the same establishment another 
\dive of this type is used for a 4000h.p. centrifugal compressor 
;waich provides a common air supply for a group of four test 
‘beys in which small supersonic tunnels are rigged as required. 
‘Tie Ward Leonard generator excitation is taken from a pilot 
-evciter, and the controls for this exciter are mounted on a small 
/~ seeled cubicle which can be moved to the test bay in use and 
pugged into the control system to provide local control of 
‘© mpressor speed, as shown diagrammatically in Fig. 2. 


(3.3) D.C. Drive with Rectifier 


The advantages of a d.c. variable-speed drive can be secured 
by feeding a d.c. motor from a grid-controlled mercury-arc 
rectifier connected to the a.c. supply. By controlling the firing 
point of the anodes precise speed control can be achieved over 
the full range of r.p.m. with reasonably high efficiency. 

Disadvantages of this system are poor power factor on low 
loads and the absence of any form of power-factor control. The 
cost is high compared with that of an equivalent induction-motor 
drive, and the power limit of a single unit is about 6 MW. 

An interesting example of this type of drive is now in com- 
mission on the 3ft x 3ft high-speed tunnel at R.A.E., Bedford,” 
where two d.c. motors drive a two-stage centrifugal compressor 
system. 

Two grid-controlled water-cooled steel-tank mercury-arc recti- 
fiers provide the d.c. supply for the motors and are each rated at 
750 volts, 6380amp maximum output. 
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Fig. 2.—Ward Leonard drive with four control points. 
High-speed laboratory, R.A.E., Bedford. 


Control is effected by superimposing an alternating voltage on 
constant negative potential applied to the rectifier grids. Positive 
peak impulses are introduced into the alternating voltage by 
means of saturated transformers, and the time of anode firing is 
varied by altering the phase of the impulse in relation to that of 
the main a.c. supply by means of pilot-motor-driven phase- 
shifters. Speed control of the drive is thus carried out by 
manual or automatic control of the phase-shifter pilot motors. 
A simplified diagram of this system is shown in Fig. 3. 

A similar type of drive of the order of 1000h.p. has been in 
use for some years on the 9in supersonic tunnel at R.A.E., 
Farnborough. In this case, additional fine control of the grid 
voltage has been achieved by the use of chokes directly fed from 
the control-parameter signal. 


(3.4) Induction-Motor Drive 


The a.c. wound-rotor induction motor with rotor-resistance 
control provides the most economical drive where only a narrow 
speed range is required. Speed control of the order of 0-25% 
of set speed can be achieved over a range of 80-100% r.p.m. on 
specially designed machines if attention is given to controlling the 
rotor-resistance electrolyte temperature.’ 

This form of drive is particularly suitable for special-purpose 
supersonic and transonic wind tunnels where the speed range is 
small. Braking of such a drive is now generally carried out by 
injecting direct current into the stator system. 

Efficiency and power factor at the reduced speed are very 
poor, however, particularly on ‘non-cube-law’ drives. There is 
otherwise no limit of application, as a drive of very large power 
can be installed by coupling a number of motors to the drive 
shaft. 

One of the problems encountered in the design of large wind- 
tunnel drives is that of torsional vibrations. The shaft system is 
usually a long one with multiple supports, and it is found difficult 
to prevent one of the various torsional modes being excited at or 
near the operating speed. 

With an induction-motor drive, in particular, unbalanced 
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impedances in the 3-phase rotor circuits will cause the machine | 
to develop an oscillatory torque component having a frequency } 
of twice the slip frequency and an amplitude dependent on the | 
degree of rotor-current unbalance and the motor loading.* 

It is essential, therefore, to ensure that unbalance of both rotor } 
windings and rotor regulating resistances is kept within very close # 
limits and that the design of the shaft system confines any | 
remaining torsional oscillations to the low-power low-speed { 
region. 


(3.5) Induction Motor with Slip Control 


For very large powers, where efficiency at part load is of } 
importance and a wide speed range is required, the system usually || 
known as ‘modified Kramer’> can be employed with a normal } 
wound-rotor induction motor, as shown in Fig. 4. The rotor is | 
connected to an a.c. synchronous motor coupled mechanically | 
to a d.c. generator, and this set is arranged to run at variable speed } 
corresponding to slip frequency. 

The output of the d.c. generator is then connected to a d.c. | 
motor driving an alternator at constant speed, the output of the | 
alternator being connected to the main a.c. supply. The slip | 
energy of the rotor is thus fed back to the line and gives a constant- [ 
torque characteristic to the drive. In the case of the straight | 
Kramer system the slip energy is applied to the main motor shaft | 
and the drive has a constant horse-power characteristic. : 

An effective speed range of 10: 1 is possible, and automatic 
speed control of the order of 0-25% of set speed can be con-. 
veniently applied by means of electronic control of excitation on 
both d.c. machines. at 

For a fan drive with air at constant density, i.e. with torque | 
proportional to the square of speed, the maximum power | 
handled by the auxiliary sets is small compared with that of the | 
main motor, and as the constant-speed set can be run at a high 
economical speed, the size and cost of this unit will be quite 
small. The variable-frequency set, however, will have to handle | 
the developed slip power at a low speed so that this set will be 
relatively larger than the constant-speed set. ' 
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If the requirement is for a drive with constant torque at all 

peeds, such as would be the case with a variable-density tunnel 
rive, the maximum slip energy would be much larger, and as 
ie size of the auxiliary sets might well approach that of the main 
cor, the system would have no advantage over the ordinary 
Ward Leonard drive. 
' The use of the Kramer drive is almost entirely confined to the 
dated States, where it has been widely used on wind-tunnel 
iri es,° one of the largest being that of the Wright Field 10ft 
ipersonic wind tunnel’ with a drive of 40000h.p. 
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Fig. 3.—Schematic of d.c, drive with grid-controlled rectifiers. 
3ft x 3ft supersonic wind tunnel, R.A.E., Bedford. 


(3.6) Composite Drive 


An alternative to the Kramer system has been developed for 
wind-tunnel duty in which a d.c. motor with Ward Leonard 
control is coupled in tandem with the a.c. induction motor. 
Connected to the rotor slip rings is a liquid regulating resistance 
having special arrangements for controlling the temperature of 
the electrolyte, which is circulated by a pump. 

A combined system of electronic control is arranged for both 
a.c. rotor regulator and the Ward Leonard system, and sharing 
of the load occurs automatically throughout the speed range. 
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Fig. 4.—Diagram of modified Kramer drive system. 


The d.c. motor is used throughout the speed and power range 
for vernier control of speed and may well provide all the power 
up to about half speed, above which the a.c. motor is switched 
in. Full-load high-speed efficiency is slightly better than with the 
Kramer equipment, but below half speed the efficiency is lower. 
If, however, the drive is associated with a variable-pitch fan, the 
power at maximum speed may vary over a ratio of 2:5:1 at 
nearly constant slip, and then this method shows an advantage 
over the more complicated Kramer system. The capital expen- 
diture is generally very little less, however, on account of the 
expense of the large rotor regulator, pump and heat exchanger. 

A transonic tunnel with a large drive of this type has been 
built in this country by the Aircraft Research Association. In 
this tunnel the two-stage axial fan is driven by a 25000h.p. 
slip-ring induction motor to which is directly coupled a 
1500h.p. d.c. motor. The speed of the induction motor is 
controlled through a bank of liquid resistors and the d.c. 
motor is supplied by a Ward Leonard generator driven by a 
1770h.p. synchronous motor. Speed control to limits of 0:2% 
of set speed is achieved over the range 350-485 r.p.m. by closed- 
loop ae control from a tacho-generator driven from the main 
shaft. 


(3.7) Synchronous Drives 


Synchronous-motor drives are in use on many types of low- 
speed wind tunnels, but except for special-purpose applications, 
it is necessary to obtain a range of air speed by the use of 
variable-pitch fan blades which are arranged to be either adjust- 
able when the fan is stationary or continuously variable by 
hydraulic or electrical servo control. 

For supersonic working, however, where a ready means of 
changing the Mach number is available, a synchronous motor 
working at fixed frequency from the Grid system would provide 
a suitable drive for tunnel compressors of the largest powers at 
present contemplated. 

A tunnel with a drive of this nature could certainly cover a 
wide range of supersonic working, but from a study of the 
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performance requirements outlined in Section 2, it is clear that | 
the limitation of fixed-speed working would restrict the usefulness |; 
of such atunnel. Serious consideration must be given, therefore, " 
to providing variable speed in order to extend the range of }) 
operation of the tunnel and to use more efficiently the high capital 

outlay of this type of installation. i 

Such speed variation can only be obtained by providing a 
variable-frequency supply for the main synchronous motor, { 
either by a frequency-convertor system or by local generation. | 
With the frequency-convertor system the main motor is fed from * 
the output of an induction-type convertor in which the rotor is |’ 
coupled to a d.c. motor with Ward Leonard speed control. This {/ 
system is comparable in installed capacity to the Kramer system, | 
requiring plant of about 2-5 times the maximum shaft power |) 
with similar facilities for power-factor correction, and is even i 
more amenable to automatic speed control. However, with the) 
absence of rotor slip energy to be dissipated or fed back to the} 
supply, the system should show considerable advantage at lower \\; 
speeds. j 

Ideally, the synchronous motor can be fed from a locally-|| 
generated variable-frequency supply, with the frequency under 
the control of the tunnel operator for variation of air speed as’ | 
required. 

For starting the compressor from rest and running the drive’ 
up to synchronous speed an auxiliary driving motor of con- 
siderable power is required, even if the compressor is unloaded’) 
by evacuating the tunnel. This auxiliary drive would require | 
to be a variable-speed type such as a d.c. motor with Ward” 
Leonard speed control or a wound-rotor induction motor with) 
slip regulator. In addition to running up the drive the auxiliary | 
motor could well be used for speed-control purposes in conjunc-|: 
tion with the variable-frequency supply. 

The vertical spinning tunnel at R.A.E., Bedford, which provides / 
an example of the synchronous drive in a low-speed tunnel, has” 
a large single-stage fan for circulating air through a vertical 
working section which forms part of the closed air circuit, as 
shown in Fig. 5. A vertically-mounted synchronous motor of © 
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Fig. 5.—Synchronous-motor drive with pitch changing of blades. 
Vertical spinning tunnel, R.A.E., Bedford. 


2000h.p. continuous rating drives the fan shaft at a constant 
speed of 500r.p.m., and air speed is adjusted by means of 
vydraulic pitch-changing mechanism which actuates the variable- 
itch fan blades by means of a push-pull rod passing through 
he hollow shaft of the motor. The motor is started and run 
ip to synchronous speed with the fan blades in fine pitch by 
neans of a separate starting winding controlled by a liquid 
tarter, and synchronizing is carried out automatically. The 
sitch-change control lever, together with start-stop pushbuttons 
nd a dynamic-braking pushbutton, are thus the only controls 
.ecessary to operate the drive, and these are arranged for switch- 
ng to each of three control positions as required. 

An example of the synchronous-motor/induction-motor com- 
‘ination of drive units is being installed in the high-supersonic- 
peed wind tunnel now being built at R.A.E., Bedford. Air is 
irculated through the working section of this tunnel by two sets 
compressors, each comprising an axial-flow I.p. compressor 
nd a centrifugal h.p. compressor with a common driving shaft 
oupled to a 2-pole turbo-type synchronous motor of 34000 h.p. 
./s0 coupled to each shaft through gearing is a 10000h.p. 6-pole 
7sund-rotor induction motor controlled by a liquid regulator 
avimg a maximum continuous rating for 28 % slip. 

tach set is started and run up to synchronous speed at a 
séaced air density by means of the induction motor, and when 
1€ main motor has been synchronized to the supply, the load 
4 the induction motor is reduced to a value within its rating 
v means of the liquid regulator. 

»s shown in Fig. 6, the synchronous motor can be connected 


either to an 11kV Grid supply or to a locally-generated variable- 
frequency supply, but the induction motors are supplied only 
from the Grid. When the synchronous motors are supplied at 
variable frequency the drive-speed range is 72-100% with the 
induction motors running under constant-current/constant- 
torque conditions to a maximum of 28% slip. 


(3.8) Drive by Prime Mover 
(3.8.1) General. 
Direct drive by means of a prime mover has the advantage of 


' providing complete control of the drive power for running at 


will over the full range available. Nevertheless, limitations do 
exist in the form of reliability and regulation of a comparatively 
small power source, and in this respect a drive of this type cannot 
compare with one of similar power connected to the very large 
capacity of the Grid. 

Some early tunnels were powered by aircraft-type internal- 
combustion engines, and it was found that under such conditions 
the life of these engines was very limited and that reliability was 
of a low order. 

Latterly some use has been made of aircraft turbo-jet engines 
to draw air through small open-circuit tunnels on the induction 
principle, as for example in a transonic tunnel described in 
Reference 9. 

The large power requirements of this type of drive, however, 
make the consideration of local power plant desirable, and, as 
reciprocating engines are ruled out on account of limitations in 
size and uniformity of torque, the choice lies between water, 
steam and gas turbines. 


(3.8.2) Water-Turbine Drive. 

A natural supply of water with sufficient flow and head forms 
a very convenient source of power for a large wind tunnel in 
those countries favoured with the necessary geographical features. 

Difficulties arise in braking and slow running, but effective 
control of drive speed and air speed can be arranged by remote 
control of sluices and by variable-pitch impeller blades. 

The range of air speed is consequently large and the efficiency 
is high, while the installation cost is lower than any comparable 
form of drive. 

The siting of an actual tunnel is usually difficult owing to the 
mountainous terrain encountered, and the site chosen may well 
depend upon the economics of piping the water to a place of 
reasonable access for the plant and personnel required. 

An interesting example of this type of drive is the French 
wind tunnel at Modane-Avrieux, where a total drive power of 
120000h.p. is developed by water diverted from the Aussois 
hydro-electric power plant of Electricité de France on the River 
Arc. In this drive two 14ft-diameter Pelton turbine wheels 
are separately housed, one on each side of the tunnel, and 
connected by shafting to contra-rotating propeller blowers, each 
of which develops 54 247h.p. at 250r.p.m. under an actual head 
of 2 690 ft. 

Air speed is controlled by a variable-flow water valve on each 
turbine together with auxiliary valves for maintaining constant 
flow under light-load conditions. The air-speed range is extended 
by adjustment of the pitch angle on the propeller blades. It is 
claimed that the governing system maintains the turbine speed 
constant to within +0-05% of the nominal speed. Braking is 
carried out by means of a counterflow system on the turbines 
which reduces considerably the time required for bringing the 
tunnel air flow to rest.}° 


(3.8.3) Steam-Turbine Drive. 


Direct drive by steam turbine appears to present many advan- 
tages. Steam-turbine design is well established; sets are reliable 
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Fig. 6.—Schematic of compressor drives. 
High-supersonic-speed wind tunnel, R.A.E., Bedford. 


L.P.: Low pressure. 
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and their performance is well proved, torque is smooth and the 
variable-speed feature would not present any problem in control. 
There are, however, several disadvantages in using such a drive 
in an establishment of the kind under consideration. For an 
independent tunnel, the standby steaming duty of the boiler 
would be most uneconomical since the load factor of a single 
drive might well be only of the order of 10%. 

It might be a better proposition at an establishment having a 
large steam capacity for other purposes, such as a base heating 
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load, but the use of such steam would most likely be confinec, 
to turbine drives for small special-purpose tunnels with con 
siderable limitation of load scheduling. | 

Many of the above disadvantages could be overcome by 
coupling the turbine to an alternator to provide a source o. 
variable-frequency electrical power. While the cost of thr 
alternator and associated switchgear would be high, the actua 
tunnel drive would be considerably less costly than a resin 


convertor system. Nevertheless local generation could not bi 
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ustified unless the load factor was very much higher, which, for 
vind-tunnel duty, would imply load dispatching over a number 
yf drives. 


3.8.4) Gas-Turbine Drive. 


The use of a gas turbine as a source of power would avoid 
ome of the limitations put forward in the case of steam. 

It would be much more economical in space and require fewer 
yperating staff—important considerations in a research establish- 
nent. It could meet the demands for full load more quickly, 
ind starting up from cold could be done in under an hour with 
‘apid increase to full power thereafter. When not required the 
lant could be shut down immediately, and, apart from a few 
1ours barring for cooling purposes, would require no standby 
juty. 

Since large tunnel drives of the type now being considsred 
‘equire continuous control of speed over a large range and 
srobably high-torque low-speed working as well, the use of a 
simple direct-coupled turbine system would not cover these 
requirements. Also the limitation of useful power per unit to 
about 10000h.p. imposed by having the turbine air compressor 
on the same shaft, would lead to difficulties of a multi-pinion 
irive shaft to allow a number of units to be coupled in order to 
build up the total shaft power required. 

Greater flexibility would be obtained by the use of compound 
eis with separate power turbines which would be able to run 
over a greater range of speed and would be capable of achieving 
full-load torque down to about 25% full speed. Difficulties 
would still exist with mechanically coupling more than one set 
to the drive shaft, but the individual turbines would develop 
about twice the useful power of the previous case, 27000h.p. 
being the apparent limit.!!> !2 

As in the case of steam plant these difficulties of direct coupling 
can be overcome by introducing an electrical link and installing 
a turbo-electric drive system. 


(4) SITE GENERATION OF POWER AT VARIABLE 
FREQUENCY 


The previous Sections have outlined the background against 
which the power requirements of an aircraft research establish- 
ment were studied when a number of large wind tunnels had to be 
>atered for over an extended programme of development. 

The establishment’s load falls into three categories: 


(a) Base Load.—Comprising low-power tunnels and other research 
facilities, workshops, auxiliaries for all tunnels and services for office 
accommodation and for tunnel buildings. 

(b) Medium-Power Loads.—Comprising low-speed tunnels and 
small supersonic tunnels. : : , 

(c) High-Power Loads.—Comprising large supersonic and multi- 
purpose tunnels of 50000-100 000 h.p. and upwards. 


The first two requirements can be met quite readily by the 
1ormal C.E.A. supply with conversion by Ward Leonard sets, 
ot rectifier units, for variable-speed working. It is the third 
sroup which presents the problem of variable-speed high-power 
working, since both types of tunnel require some adjustment of 
speed, the multi-purpose tunnel demanding a speed range of the 
order of 5 : 1 with an accuracy of speed holding of 0-1% of set 
seed, while the purely supersonic tunnel can function with a 
shorter range of about 25% from top speed, but with similar 
sp eed-holding accuracy. ' 

From the examination of the electrical driving systems in 
Section 3 it is clear that, if the establishment has only a fixed- 
‘re quency supply from the C.E.A., only the Ward Leonard and 
-quency-convertor systems merit consideration for these drives. 

4 drive of 50000-100000 h.p. is well beyond the normal range 
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of a single-unit Ward Leonard system, and if the drive is divided 
into a number of motor-generator sets each limited to about 
10000h.p., the resulting arrangement is expensive in first cost, 
unwieldy and complicated to control, and since the variable-speed 
feature is vested in the high-current variable-voltage d.c. busbars, 
the supply is difficult and expensive to extend to other tunnel 
drives. 

The same general remarks apply to the use of a frequency- 
changing system, but there would be the additional disadvantage 
of uneconomic working at the lower frequencies. The applica- 
tion of the output of this system to other wind-tunnel drives 
would be quite practicable, however, as the transmission would 
be by variable-frequency alternating current. 

The difficulties of conversion from fixed frequency to variable 
speed draw attention to a third possibility, that of site generation 
of electrical power. The technical advantages are great and the 
capital and running costs compare favourably with any possible 
alternative. 

If generation is effected by several turbo-alternators capable 
of running independently at variable speed, flexibility of distribu- 
tion between the various tunnels can be achieved by a sectionalized 
busbar system to allow individual tunnels to be run simultane- 
ously at different frequencies. This arrangement presupposes 
that the control systems of both tunnel drive and prime movers 
are so arranged that the drive speed can be adjusted from the 
tunnel control room by remote control of prime-mover speed. 

Where the normal load demand of the establishment is high 
and a C.E.A. supply of similar capacity to that generated is 
available, this supply might well be arranged for switching to the 
large tunnel drives as an alternative to the variable-frequency 
supply. The Grid supply could then be used during periods 
when only full-speed running is required, or for supplying other 
tunnels connected to the system when the generated supply is 
in use for tunnels requiring variable-speed working. This latter 
case would entail working outside the peak-load periods of the 
establishment and most likely would be at night or by special 
arrangement of load scheduling. 

The generating station could, of course, be used for peak- 
load working at standard frequency by arrangement with the 
supply undertaking. 

Such an installation could be arranged most conveniently with 
the generating-station control room acting as the load dispatching 
centre for the group of tunnels requiring variable-frequency or 
Grid supplies for main drive power. The normal functions of 
this control room, which would be working to a pre-arranged 
schedule of load requirements, would be to start and synchronize 
the generators to specified busbar sections; to connect the Grid- 
supply interconnectors to other busbar sections as required, and 
to co-ordinate the synchronizing of tunnel driving motors 
including the final closure of the circuit-breakers. 

The main driving motor of each tunnel would be a synchronous 
motor with an auxiliary motor to run up the drive to synchro- 
nizing speed and to provide additional power or speed-holding 
facilities as discussed in Section 3.7. It is evident, therefore, that 
the prime-mover speed-control system must be linked with the 
speed-control system of the auxiliary drive when the latter 
remains coupled to the drive after synchronizing, and a very 
flexible arrangement of control switching is necessary to allow the 
tunnel operator to secure immediate control of drive speed after 
synchronizing. 


(5) CONCLUSION 
From the foregoing considerations, therefore, it is evident that, 
for an establishment which is to have several large wind tunnels 
with variable-speed high-power drives, site generation of variable- 
frequency power, together with the C.E.A. Grid supply, has a 


194 


number of important advantages over power systems based on 
frequency conversion. 

Such a system is flexible in operation; it can be readily extended 
with comparatively little expense; it enables the fullest use to be 
made of a number of variable-speed high-power drives for a 
given maximum-demand charge; and also takes advantage of the 
simplicity and the availability in very large powers of synchronous 
motors which are used as the main driving units. 
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SUMMARY 


At a new Government research establishment, site-generated variable- 
frequency power is used with synchronous motors to provide variable- 
speed drives for large wind tunnels. The paper discusses the use of 
gas turbines as prime movers and describes the special features of the 
variable-frequency system and its interconnection with the C.E.A. 
Grid supply. 

Finally details are given of the operation of the first large wind tunnel 
to be connected to the variable-frequency power system. 


(1) INTRODUCTION 


During the planning of the Royal Aircraft Establishment, 
edford, a survey of the probable power requirements showed 
that, although the base load and the medium-size projects could 
be met by a 30MVA supply, the peak load would be fixed by 
one, or perhaps two, of a number of very large wind tunnels 
with drives of the order of 50000h.p. and upwards. At that 
time only the first of these very large projects—the 8ft x 8 ft 
high-speed wind tunnel—was in the early design stage, and there 
was little available information about the others. Nevertheless, 
the 8ft x 8 ft high-speed tunnel, which was to be a multi-purpose 
one with a wide speed/power range, was thought to be the 
largest single driving unit likely to be built at the Establishment, 
and, as such, could be used as the basis of the design of the power 
supply system. 

As described elsewhere,! for such an Establishment, there are 
many advantages to be gained from having a site-generated 
variable-frequency power supply in addition to the C.E.A. Grid 
supply, the chief being that it provides a neat and flexible variable- 
speed system when used to supply synchronous driving motors. 

Although the primary and predominant reason for site genera- 
tion is the need for a variable-frequency supply, it was considered 
that other advantages would accrue, of which the most important 
are peak lopping and better use of the available power within 
the maximum demand. 

From the outset, therefore, it was clear that the type of prime 
mover required was something analogous to the oil engine but in 
a much higher power range, and a study of the possible alter- 
natives suggested that the gas turbine should be seriously 
considered. 


(2) GAS TURBINES AS PRIME MOVERS FOR THE 
GENERATION OF POWER AT VARIABLE FREQUENCY 


For variable-frequency working, it was assessed that a power 
of 40 MW would meet the operating requirements of the 8 ft 
‘uannel, and to give the required flexibility of power distribution 
for the future large drives in the Establishment, it was con- 
sidered that this power could best be provided by two generators, 
each of 20 MW capacity. 

At that time, however, no running experience was available on 
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gas-turbine sets of this size, so that a full investigation was made 
into the practicability of designing and manufacturing sets of 
this order. British manufacturers and the National Gas Turbine 
Establishment were consulted, and a review was made of Con- 
tinental experience with particular reference to the work of the 
Swiss manufacturers in this field. Several designs had been put 
forward for sets up to 10 MW, and a unit of 27 MW had actually 
been put in hand for Beznau power station. These sets, however, 
were for generating at constant frequency and in most cases for 
standby duty, whereas the requirements for the R.A.E. sets were 
for variable-frequency working over a wide range of load. 
Indeed, these requirements were different from any yet encoun- 
tered, and it was seen that a compromise would have to be made 
between the gas-turbine cycles advocated for constant-speed 
supply-system generation and those suitable for rapidly-varying 
speed/load conditions. It was necessary, therefore, in order to 
assess the advantages of the gas turbine over other prime movers, 
to determine the best cycle for such duty. 

It was estimated that for one wind tunnel of this type the load 
factor would be about 10% and there would be no advantage to 
be gained from a complicated cycle offering high efficiency. 

Nevertheless, a simple single-shaft compressor turbine cycle 
would not be satisfactory since the variable-speed/variable-load 
working would force the air compressor to work away from its 
design point over a large part of the load range. With the power 
turbine on a separate shaft from the compressor, however, a 
drop in load would cause the mass flow of air to be reduced in 
proportion to the reduction of fuel, thus keeping the air/fuel 
ratio reasonably constant and allowing the compressor to work 
under optimum conditions. A further advantage of the free- 
running turbine would be to assist the control of alternator speed 
over the working range. 

For this size of unit also, division of the compressor into low- 
pressure and high-pressure stages would be essential, and this 
would lead to the use of an intercooler between the stages in 
order to maintain the power output of the sets without a corre- 
sponding increase in temperature and stress on the plant. The 
cooling-water supply for the intercoolers would be no problem 
since it would be only a fraction of the water required by steam 
generating plant of equivalent capacity. 

One requirement of wind-tunnel duty, which is quoted in 
favour of the gas turbine, is the quick rise to full load after 
starting up. This would necessitate special attention being paid 
to the design of clearances, balanced temperature stresses and 
adequately cooled rotors. 

The design of efficient gas-turbine units of this size entails the 
use of high maximum temperature, which affects the creep rate 
of the turbine-blade material. With gas turbines, however, 
there is a rapid easing of stress as the load drops even slightly 
below full load. Therefore, turbine life bears due relationship 
to the load factor, and for the wind-tunnel duty proposed it was 
evident that a reasonable turbine life could be expected. Further, 
the heavily-stressed blades are confined to the h.p. turbines and 
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replacement of these every few years as a regular maintenance 
item would not be very costly. 

From the above considerations the preliminary designs of suit- 
able gas-turbine sets were mapped out, development work was 
undertaken and final designs and manufacture were put in hand. 


(3) THE VARIABLE-FREQUENCY SYSTEM 
(3.1) Generation 
The gas turbines work on an open-cycle system with two stages 
of compression, with cooling between stages, and two stages of 
expansion, each set having four independent shaft systems, as 
shown in Fig. 1. 


INTAKE 
FILTER 


L. RP TURBINE 
¥.P TURBINE 


COMBUSTION 
CHAMBER 


. P COMPRESSOR 


CONTROL DESK 


EXHAUST EXHAUST 


Fig. 1.—Gas-flow diagram for the 20 MW gas turbine. 


Each gas turbine has two high-pressure sets consisting of high- 
pressure compressor, combustion chamber and high-pressure 
turbine. Of the two low-pressure turbines, one, the charging 
turbine, drives the low-pressure charging compressor, and the 
other, the power turbine, drives the alternator. 

The fuel is gas oil which is pumped to four atomizing burners 
in each combustion chamber and injected with blast air at twice 
the working pressure. 

The alternators are 2-pole 3-phase machines which generate 
11kV at S5Oc/s. Over the operating range of 10-50c/s, 600- 
3000r.p.m., voltage is proportional to frequency, i.e. 2°2-11 kV. 
The alternator exciter sets are separately driven at constant speed 
by slip-ring induction motors, and slip-ring induction motors 
also drive the alternator cooling fans for the conventional 
cooling air circuit. 

Although it has been stated that two gas-turbine alternator 
sets with a total output of 40 MW were required for the 
8ft x 8ft high-speed tunnel, the synchronous driving motor for 
this tunnel has to deliver the equivalent of 38 MW at 36c/s, 
and thus each alternator has to supply 19 MW at 36c/s. With 
the alternator voltage proportional to frequency, its output is 
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also proportional to frequency, and its rating at 50 c/s is 26°4 MW. 
The gas-turbine power/frequency characteristic 1s shown in 


Fig. 2, together with the alternator characteristic. The gas- ; 
turbine characteristic is approximately parabolic in shape, 


FREQUENCY, C/S 


Fig. 2.—The relationship between gas-turbine power and 
synchronous-machine power for two generating sets, 


A. Synchronous-machine capacity. 
B. Gas-turbine power. 


flattening out in the upper part of the frequency range to give 
19 MW at 36c/s but only 20 MW at 50c/s. 


The alternator voltage is controlled by an automatic voltage - 


regulator which receives its input signal from a voltage trans- 
former in the alternator output circuit. The secondary winding 
of the voltage transformer is connected to a simple circuit 
consisting of a resistor, inductor and capacitor in series, and 
the voltage across the capacitor is fed to the automatic voltage 
regulator (a.v.r.). This voltage remains substantially constant 
as long as the alternator voltage is proportional to frequency. If, 


however, the alternator voltage departs from proportionality, a 
It is calculated that 


correcting signal is transmitted to the a.v.r. 
between 10 and 50c/s the a.v.r. will maintain this proportionality 
within the limits of +0% and —44%. 

Each gas turbine is controlled from a desk at the high-pressure 
end of the set. The set is started by using the shaft-driven 
lubricating-oil pumps as hydraulic motors supplied from elec- 
trically-driven oil pumps. The hydraulic motors drive the high- 
pressure sets up to the speed at which the fuel is ignited and the 
sets become self-driving. During this period the charging com- 
pressor and alternator are barred round, and when the fuel is 
ignited the low-pressure turbines bring the l.p. shafts up to speed 
to match the h.p. sets. The driver then brings the alternator up 
to the synchronizing speed of 10c/s and hands over the control 
of the set to the attendant in the central control room, who first 
closes the alternator-field circuit-breaker, then adjusts the 
excitation to give 2-2kV and then synchronizes the alternator 
with the wind-tunnel driving motor. 
been synchronized with the motor, control is vested in the wind- 
tunnel operating staff, but at any time the turbine driver can 
regain control by reducing the fuel supply to the engine. 

The gas turbines can be’started from cold and develop full 
load within an hour. On shutting down, all the four shafts are 
barred round until the machines have cooled, after which no 
further attendance is required. In the event of failure of the L.t. 
supply to the barring gear, two 100kW self-contained Diesel- 
alternator sets are provided to supply the power for barring. 


Once the alternator has 


POWER INSTALLATION FOR LARGE WIND-TUNNEL DRIVES 


The Diesel-alternators can also supply the power for starting one 
gas turbine at a time until it has reached self-driving speed and 
until the alternator is generating 11kV at 50 c/s. Then, through 
the site distribution system it is possible to connect the power 
developed by the alternator to its own I.t. distribution board and 
to parallel this supply with that of the Diesel-alternators. 

Although the gas turbines are to be used primarily for variable- 
frequency power, they can work in parallel with the Grid by 
alrangement with the C.E.A. They can be used also for an 
emergency supply at 50c/s. 

As the power turbine of each set is free running, the generator 
frequency is entirely dependent upon the load and the rate of 
fuel supply, and it is essential to have effective control of fuel 
to maintain constant frequency under given load conditions. A 
needle-type fuel valve is used, and as this is arranged to have a 
constant-pressure differential across the orifice, fuel flow is 
dependent on spindle position only. This spindle responds to 
the lowest setting of a number of actuating controls and protective 
devices, which either adjust the fuel flow to the load and speed 
conditions required or shut off the fuel under fault conditions. 

One such device is the speed governor, which is normally set 
just above the maximum working speed to provide overspeed 
limitation. Other controls include local hand operation and 
remote servo control arranged for switching to the control rooms 
of tunnels using the variable-frequency power. 


(3.2) Distribution 


Each gas-turbine alternator is connected via its own circuit- 
breaker to a switchboard in the variable-frequency substation, 
which is the distribution centre for the variable-frequency supply. 
The Grid supply is also connected to this switchboard by two 
feeders from the 33kV board in the site main substation, trans- 
formed down to 11 kV by two 25 MVA inter-connecting trans- 
formers (see Fig. 3). 

The outgoing feeders from the variable-frequency substation 
switchboard supply the wind-tunnel driving motors with either 
wariable-frequency power or Grid power as required, and by 
making use of a double busbar with a bus section switch in the 
lower set of busbars three independent loads can be supplied 
simultaneously. 

Each circuit-breaker is oil filled and rated at 1000MVA 
breaking capacity at 11kV. The busbars are compound filled, 
insulated for 11kV and have a capacity of 3000 amp. 

The link between the Grid supply to the 33kV busbars in 
the site main substation and the variable-frequency substation 
switchboard enables the gas-turbine alternators to be connected 
\n parallel with the Grid supply by arrangement with the supply 
undertaking for peak load working. [In the alternative arrange- 
ment when the gas-turbine alternators are used to reduce the site 
deak load by supplying part of the power independently of the 
Srid supply, the connections are also made via the variable- 
‘requency substation and the 33kV and 11kV switchboards in 
‘he site main substation, but the 33kV part of the network is 
hen earthed via a 3-phase neutral earthing transformer on the 
’3kV side of one of the 25MVA 33/11kV inter-connecting 


‘ransformers. 


(3.3) Protection 


The protection of a high-power variable-frequency system 
eresents two problems. In a system which operates down to 
'O2/s the first problem is to choose the rating of the circuit- 
ereakers to be used. The second is to select the types of pro- 
ee ive relays. 

Jnder the present conditions in which two 20 MW alternators 
meply the 68 000h.p. driving motor for the 8 ft x 8 ft high-speed 
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tunnel, the maximum fault which a circuit-breaker has to clear 
is 680 MVA by the alternator circuit-breaker in the event of a 
3-phase short-circuit occurring at the alternator terminals. If 
the system is extended to include a third 20 MW alternator for 
which space in the generating station has been provided, the 
maximum fault will be increased to 940 MVA. 

The circuit-breakers chosen have a breaking capacity of 
1000 MVA at 11 kV, 50c/s. They have a breaking time from 
trip impulse to are extinction on a 100° symmetrical fault 
current of 0:067sec, ic. 3-35 cycles at 50c/s. The maximum 
short-circuit current rating is 52kA. 

With voltage proportional to frequency, the maximum fault 
MVA is reduced from 680 MVA at 11 kV, 50c/s to 136 MVA at 
2°2kV, 10c/s, and with the future third alternator connected to 
the motor the reduction would be from 940 to 188 MVA. 

There appears to be little if any information available from 
which to calculate the breaking capacity of the circuit-breakers 
at the lower frequencies. Attempts have been made in the 
United States and elsewhere to forecast the circuit-breaker 
performance at lower frequencies from a knowledge of the 
performance at 50 or 60c/s. For example, at 25c/s the maximum 
current rating of the circuit-breaker at 11 kV would be reduced by 
a factor of 0:7 below the capacity at 50c/s. Thus the 1000 MVA 
rating at 11kV, 50c/s would be reduced to 700 MVA at 11kV, 
25c/s. Therefore, the rating at 5:5kV, 25c/s would be 
350 MVA, and 140MVA at 2:2kV, 25c/s. A futher derating 
factor would then be used to obtain the rating at 2:2kV, 10c/s. 

On this assessment the circuit-breakers are liberally rated at 
11kV, 50c/s, but possibly on their limit at 2:2kV, 10c/s. To 
alleviate the duty of the circuit-breakers at the lower frequencies, 


the tripping circuits are arranged so that, in the event of a fault, 


tripping of the circuit-breaker is followed closely (0-01 sec) by 
tripping of the other circuit-breakers in the same circuit. 

The alternators have been provided with over-current, cir- 
culating-current, standby earth-fault and field-failure protection. 

The over-current protection is provided by a triple-pole 
attracted-armature relay which has the normal range (50- 
200% f.l.c.) of settings. This instantaneously-acting relay is 
combined with an auxiliary time-delay relay which is preset but 
adjustable between 0 and 5sec. 

The circulating current protection is a simple Merz—Price 
system using triple-pole attracted-armature-type relays, instan- 
taneous in operation. For earth faults this system protects 
94:5°% of the winding at 5S0c/s and 77:5% of the winding at — 
10c/s. 

The standby earth-fault protection is provided by a single- 
pole attracted-armature-type relay adjustable over the normal 
10-40 °% range, and instantaneous in operation. It is combined 
with an auxiliary time-delay relay, preset but adjustable over the 
range 0-5sec. The alternator neutral is earthed through a liquid 
resistor which limits the maximum earth-fault current to 100% 
full-load current at 11kV. On the 10% setting the standby 
earth-fault relay provides protection for 90% of the windings at 
50c/s and 58% at 10c/s. 

Owing to the difference between the gas-turbine and alternator 
load/frequency characteristic, as shown in Fig. 2, it is possible 
to overload the turbines within the frequency range 36-50c/s 
where the turbine shaft power output is nearly constant. The 
normal circuit over-current relay mentioned above is insensitive 
to frequency and responds to current only, thus allowing the 
alternator to supply a load proportional to frequency. 

To protect the turbines over this range an induction-type trip 
relay having an inverse definite minimum time-lag characteristic 
has been installed in the alternator output circuit, and, as this 
relay is inherently sensitive to frequency, the load current has to 
be reduced as the frequency increases from 36 to S0c/s in order 
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Fig. 3.—Electrical power distribution system at the R.A.E., Bedford. 


to keep below the tripping point of the relay. Since voltage is 
proportional to frequency, and current is thus made inversely 
proportional to frequency, the maximum power demand on the 
turbines is kept within the constant horse-power rating over this 
region. 


(4) C.E.A. GRID SUPPLY 


The C.E.A. Grid supply to the Establishment is received via 
132 kV transmission line, transformed locally to 33kV and con- 


nected to the 33kV 750MVA double-busbar switchboard in the 
site main substation (see Fig. 3). From this switchboard feeders 
go direct to centres of large load densities where the voltage 
is again transformed locally to the required load voltage, e.g. 
50;}11 or 3*3kV; 

The 33kV switchboard is connected to an 11kV 250 MVA 
double-busbar switchboard, also in the site main substation, via 
two 15 MVA transformers. This 11 kV switchboard is the centre 
of the site 11kV distribution system, which is based on two 


| details. 


_ horizontal legs generally circular in cross-section. 
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11kV 400 amp ring mains. At ring-main substations the supply 
is stepped down to a 415-volt 3-phase four-wire system for l.v. 
distribution for tunnel auxiliaries, machine shops, cranes, lighting, 
small power circuits, etc. 

As previously described the 33kV switchboard in the site 
main substation is also connected to the switchboard in the 
variable-frequency substation via two 25MVA 33/11 kV inter- 
connecting transformers. 


(5) THE R.A.E. 8FT HIGH-SPEED WIND TUNNEL 


_ The R.A.E. 8 ft high-speed wind tunnel is the first to be con- 
nected to the Grid-supply/variable-frequency supply system 
outlined above, and it has been designed and constructed con- 
currently with the variable-frequency generating station. The 
tunnel covers both supersonic and subsonic working, and is 
therefore a good example of a multi-purpose tunnel described 
in Reference 1. 

It is designed primarily for tests at supersonic speeds up to 
Mach number 2-8, and the 8 ft square working section is large 
enough to accommodate models up to about 6ft span, which 
allows adequate representation of control surfaces and other 
Tests at low speeds can also be made to investigate 
conditions at take-off and landing. 


(5.1) Layout and Design 


The tunnel structure which forms the closed circuit for the 
circulating air is a large pressure vessel and consists of four 
The two 


' tong legs are 350 ft and the two cross legs are 60 ft between centres. 


The diameters vary between 20ft at the inlet to the compressor 


< 
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and 47ft at the tunnel cooler. The whole structure, which 
weighs 5000 tons, was welded on site to Lloyds pressure- 
vessel standards. The tunnel layout is shown in Figs. 4 and 5. 

The compressor which drives the air round the circuit is a 
ten-stage axial machine, which, for more efficient working at the 
lower pressure ratios, can be run as a four-stage machine by 
replacing the six high-pressure stages with a dummy casing.* 
Both the compressor casings and the dummy casing form part 
of the tunnel structure when in circuit. Control of the speed 
of the compressor down to 20% of maximum is required, and 
the compressor has been designed to give reasonably good 
efficiency over the full speed range.* 

The air from the compressor reaches a maximum temperature 
of 165°C, and having turned through corners Nos. 3 and 4, passes 
through an air/water heat exchanger of the air-through-tube type 
to the settling chamber. 

The air then passes through the working section, which is 
rectangular in shape and in which the side walls are fixed and 
the top and bottom walls are flexed to form a convergent/diver- 
gent nozzle.>© The air accelerates through the nozzle, and if 
sonic speed is reached at the throat and the pressure at the 
downstream end of the divergent section is less than the pressure 
at the throat, supersonic speeds are reached in the divergent part 
of the nozzle. 

At the downstream end of the nozzle is mounted the model 
under test, and this can be rotated to vary its angles of incidence 
and roll over a limited range. The model is viewed indirectly 


through a periscope system and by a closed-circuit television 
system. There is also a Schlieren light system which displays 
the air-flow pattern round the model. 


Pressure distribution over 


®POOOOOHOOOO 


Fig. 4.—Layout 
Main drive plant. 

Central control room. ; 
Variable-frequency generating station. 
Variable-frequency substation. 
Transformer park. 

Load test tank. 

Fuel-oil storage. 

Working section. 

Main tunnel cooler. 

Supersonic diffuser. 
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of the 8ft high-speed wind tunnel and generating station, at the R.A.E., Bedford. 


11. Dummy casing. 

12. Main-tunnel compressor. 
13. Schlieren building. 

14. Observation room. 

15. Auxiliary plant. 

16. Model tunnel room. 

17. Pump houses. 

18. Cooling tower. 

19. Water treatment. 

20. Administration building. 
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the surface of the model is measured by orifices connected to 
manometers. Strain gauges in the model measure the stresses. 

After flowing through the working section, the air passes 
through the supersonic diffuser, where it is slowed down to 
subsonic velocities, and then passes via a subsonic diffuser round 
corners Nos. 1 and 2 to the inlet of the compressor. 

For the tests to be carried out in this tunnel it is necessary to 
be able to vary the Reynolds number over a wide range, and for 
this reason the air pressure can be varied between 0:1 and 
4-Oatm absolute. To deal in this way with the tunnel air 
volume of 435000ft?, auxiliary compressors and evacuators 
totalling some 10000h.p. have been installed. To prevent 
condensation in the working section, the air in the tunnel is 
dried to 0:0005Ib/Ib, which is equivalent to a dewpoint of 
—23°C at latm. Induced-draft cooling towers and circulating 
pumps with an installed capacity of 2750h.p. have been provided 
to dissipate 500 x 10°B.Th.U. per hour from the water circulated 
through the main tunnel cooler and the many water coolers 
associated with the tunnel plant and the generating station. 


(5.2) Driving Motors 


The main compressor is driven by a direct-coupled 68000 h.p. 
8-pole synchronous motor wound for 11kV at 50c/s, and, 
through a speed-reducing 750/600r.p.m. double-helical gear-box, 
by two 6000 h.p. d.c. motors in tandem, as shown in Fig. 6. The 
two d.c. motors are supplied by two similar machines acting as 
generators in a simple series loop under Ward Leonard control. 
The generators are driven by a 14000h.p. 11kV 50c/s 10-pole 
synchronous motor which is reactor-started under automatic 
sequence control. Fixed excitation from its shaft-driven exciter 
is designed to give unity power factor at full load. Fig. 7 shows 
the complete motor-generator set. 


(5.3) Operation 


In order to reduce the load on the d.c. motors when starting, 
the compressor is unloaded by evacuating the tunnel to 0-1latm 
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Fig. 5.—General view of the 8 ft high-speed wind tunnel, at the 


R.A.E., Bedford. 
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Fig. 6.—Driving motors for the main compressor of the 8 
wind tunnel, at the R.A.E., Bedford. 


ft high-speed 
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Fig. 7.—14000h.p. motor-generator set for Ward Leonard control of 
ea motors, at the 8ft high-speed wind tunnel, R.A.E., 
edford. 


absolute, and jacking oil is injected into the compressor and 
motor bearings. The armature circuit of the d.c. machines is 
tien completed by closing the high-speed d.c. circuit-breakers, 
and the speed is brought up to the required setting either by 
manual or by automatic control of d.c. generator excitation. 
A, useful portion of the whole field of operation can be covered 
by the d.c. motors alone when low compressor speed or low 
‘tunnel pressure limits the total drive power to 12000h.p. or less. 

The second way of running the drive is to connect the 68 000 h.p. 
\synchronous motor to the C.E.A. supply. The starting proce- 
dure is exactly the same as described above when running on 
\the d.c. motors alone, but the compressor is driven up to the 
.50c/s synchronous speed and the main a.c. motor synchronized 
with the Grid. Thereafter the speed is constant and the d.c. 
machines can be set to give a fixed torque. When shutting 
down, the load is reduced until the d.c. motors alone are driving 
\the compressor, and when the a.c. motor has been off-loaded, 
(its a.c. circuit-breaker is tripped and the drive is then brought 
(to rest by regenerative braking on the d.c. machines. Current 
ilimiting of the d.c.-machine armature currents is employed, and 
| this controls the regenerative braking until the compressor speed 
has fallen to a low value, at which point the d.c. generator fields 
are ‘suicided’ and the compressor is finally brought to rest by the 
use of a hand-operated brake. 

The third method of running is with the a.c. motor connected 
\to the variable-frequency supply. Starting procedure is exactly 
| the same as for the previous methods, but in this case the synchro- 
nous speed of the a.c. motor is 10c/s instead of the 50 c/s required 
when synchronizing with the Grid. After synchronizing, the 
»compressor is run up to the required speed either by hand or 
automatic control. 

When running on the gas turbines under automatic control, 
(load changes are absorbed by the d.c. motors within the limits 
) of their capacity. The changing d.c. current is then arranged to 
‘regulate the fuel-oil-flow valve in such a manner as to cause the 
iturbines to take over the change in load and allow the d.c. 
ymotors to return to their minimum power datum setting in 
ireadiness to compensate for any further changes in load. On 
ifv4ly manual control, d.c. load is adjusted by increasing or 
| decreasing the fuel-valve setting, and under both manual and 
,aitomatic conditions, where load transfer would overload the 
{dc. motors, a current-limiting system holds the direct current 
\* thin the safe maximum rating. 

In the event of the d.c. portion of the drive being out of service 
ti’ is possible to run the drive by switching in the main motor with 
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the variable-frequency alternators at low frequency and starting 
up as an induction motor. Synchronization would then be 
effected by switching on the main motor excitation and slightly 
reducing the alternator frequency, when the motor and turbines 
would fall into step. 


(5.4) Protection 


One important requirement on this project is that, in the event 
of any failure of plant, the speed should be held constant or 
even increased and not set to zero as in most industrial installa- 
tions. This is because the transition from supersonic to subsonic 
flow produces considerable disturbances in the air flow, which 
may cause damage to the model if the operation is not properly 
controlled. For this reason, fault detection devices are arranged 
to shut down the drive only when damage would otherwise be 
caused to major mechanical or electrical plant, such as main 
bearings or main motor windings. 

As the only means of reducing the speed of the main rotating 
mass quickly is by regeneration on the Ward Leonard system, it 
has been arranged that this system shall be kept running until 
damage to the Ward Leonard equipment itself is imminent. 

This has led to very thorough provision of alarm and fault 
indication throughout the plant, since by early indication of an 
incipient fault the plant may be ‘nursed’ until the tunnel con- 
ditions are brought to a state where safe shut-down of the drive 
can occur. 

From the point of view of risk to the model, the most critical 
time for a reduction in speed to occur is when supersonic flow 
is established in the working section with the tunnel under 
pressure and the model at high incidence. For use under these 
conditions an emergency pushbutton is provided for the tunnel 
operator, which, in addition to operating warning annunciators 
in all control rooms, initiates a relay system which opens the 
tunnel blow-off valve and operates the valves of the compressor 
and evacuator circuits in such a way as to reduce the tunnel 
pressure as quickly as possible. This rapid lowering of tunnel 
pressure reduces the air loading on the model and ensures that 
the flow disturbances during shutting down do not endanger the 
model. On receipt of this signal the test engineer reduces the 
incidence of the model and then brings the drive to rest under 
safe and controlled conditions. 


(5.4.1.) Current Limitation 


It will be seen that under certain conditions of running, 
particularly during starting and changing speed, the full output 
of the electronic amplifier could be applied to the control field 
and so cause a high overload current in the main d.c. loop. 
Additionally, various system faults and load-sharing fluctuations 
between the a.c. and d.c. motors could cause excessive direct 
current. To counteract any such rise in current, two methods 
of current limitation are used; first the main current-limit system, 
which acts directly on the pilot exciter by means of two additional 
field windings, and secondly the current-limit system associated 
with the electronic amplifiers, which only functions when the 
automatic speed control is in use. 

In the main current-limit system two field windings are 
connected in a bridge circuit and fed through two magnetic 
amplifiers arranged to balance out mains-voltage variations. 
The control windings of the magnetic amplifiers are connected 
across the d.c.-generator interpole windings from which a 
voltage proportional to direct current is derived, and in series 
with this circuit is a bias system which suppresses this voltage 
while the direct current varies between the maximum motoring 
and maximum generating value of 6000amp. The control 
windings are arranged to give a constant 50% output from the 
magnetic amplifiers during this quiescent period, and as the 
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connections to the field winding network are arranged to give 
opposing polarity there is no resultant field produced. 

If now excess current occurs in the motoring condition, the 
bias voltage is overcome and current passes through the control 
windings of the magnetic amplifiers in such a manner as to cause 
a proportional unbalance of the bridge-connected field windings. 
The resulting current flow produces an opposing flux in the pilot 
exciter, thereby cutting down the generator voltage and reducing 
the main direct current. 

When the Ward Leonard system is regenerating, which can 
occur at any time during load changes as well as during normal 
shut-down or emergency tripping action, the voltage across the 
interpoles is reversed, and when this voltage rises above the bias 
voltage with excess main direct current, the current flow in the 
magnetic-amplifier control windings is in the opposite direction. 
This causes an out-of-balance voltage to drive current round the 
bridge-connected field-winding loop in such a direction as to 
increase the flux in the pilot exciter and to raise the main generator 
voltage. 


STABILITY 
SUPPLY 


HIGH -- 
POWER 


SPEED 
SETTING 
RESISTANCE 


EEDBACK 
NE TWORK 


PRE - 


AMPLIFIER = AMPLIFIER 


r 
ERROR SIGNAL | 
SPEED- | 

TO GAS—TURBINE SOTO 
FUEL-VALVE SYSTEM WARD | 
LEONARD ; 

SET | 

| 

| 

| 

| 

L 


MCcCKEARNEY, DRAKE AND MALLALIEU: 


A VARIABLE-FREQUENCY 


The net e.m.f. in the main d.c. loop is thus reduced and cuts 
down the main direct current. 


(5.5) Speed Control 


An essential requirement of wind-tunnel operation is to main- 
tain constant and steady air-flow conditions in the working 
section, and these conditions can only be achieved by precise 
control of temperature, pressure, and compressor speed. ‘In the 
8ft x 8ft high-speed tunnel compressor, speed is specified to be 
held within 0-1°% of set speed, and while dial calibration to this 
accuracy is not required since air speed and not drive speed is 
the test parameter, adjustment of speed in steps of at least 0-1% 
over the range of 20-100 % is necessary. 

While very accurate control can be achieved by an operator 
manipulating a fine rheostat in accordance with the readings on 
the extremely accurate instruments used in wind-tunnel work, the 
strain over a long period of working is prohibitive and automatic } 
speed-holding equipment is a necessity. 

Unlike most industrial drive control, where output is dependent 
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Fig. 8.—Diagram of the d.c. speed-control system. 
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Fig. 9.—Diagram of speed-control link with gas-turbine control. 


on high acceleration and quick reversal, the control system of a 
wind tunnel has to deal with comparatively slow changes, and 
the aim of all concerned in tunnel operation is directed towards 
maintaining steady conditions. 

For the 8 ft tunnel-drive control, therefore, it was decided to 
rely on an inherently stable drive system with automatic-speed- 
control equipment of conventional design to cater for slow drift 
in external parameters such as mains voltage and ambient 
temperature.’ 

Advantage has been taken of the 12000h.p. Ward Leonard 
motors to make this the controlling section of the drive by 
arranging for both the manual and automatic speed-control 
equipment to operate through the pilot exciter of the Ward 
Leonard generator as shown in Fig. 8. 

The automatic control system follows the accepted method of 
voltage comparison between the output of a tacho-generator 
coupled to the drive shaft and the voltage setting of a potentio- 
The resulting error 
signal, suitably modified by stabilizing signals, is then amplified 
and applied to the generator fields in such a manner as to restore 
the speed setting and cancel the error signal by the consequent 
change in shaft speed. 

In view of the high constancy of speed required, exceptional 
precautions have been taken with each unit of apparatus in the 
detecting and amplifying network.”? Considerable research has 
been undertaken to obtain a constant rectified output from the 
gear-driven inductor-type tacho-generator in order to produce 
a voltage proportional to shaft speed with the least possible 
divergence. 

The power output of the speed-control amplifier feeds a 
separate field winding on the main generator exciter to give 


about 10% excitation with full amplifier output in either direc- 


tion. Additionally the amplifier output is connected to a small 
Ward Leonard generator, the output of which operates the 
exciter rheostat motor in such a manner as to reduce the amplifier 
output by applying the corrective field necessary to restore set 
speed from the main excitation circuit rather than from the 
amplifier. Thus, under steady-state conditions the d.c. generator 
output, and hence the compressor speed, is controlled by the 
main rheostat setting, while under transient conditions the full 
amplifier output is available for corrective action in either 
direction. 

The system outlined above can function as an independent 
anit when the drive is being run on the d.c. motors alone, but 
when the variable-frequency power is required in addition, a 
“arther unit of automatic control of the gas turbines is brought 


into use, as shown in Fig. 9. This unit accepts signals of speed 
error and direct current from the d.c. system, and automatically 
adjusts the gas-turbine fuel-valve setting in such a manner as to 
cancel the speed error and reduce the direct current to a preset 
figure, either by increasing the gas-turbine power for an increased 
shaft-power demand or by reducing the gas-turbine power when 
the d.c. motors are regenerating owing to reduced tunnel power. 
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SUMMARY 

The paper describes an electronic speed control which has been 
installed for the composite drive of the 8 ft high-speed wind tunnel at 
the Royal Aircraft Establishment, Bedford. A description of the 
requirements of a wind-tunnel speed control is given, and several 
methods of control are discussed. The selected control system, which 
is discussed in detail, although of the conventional closed-loop tech- 
nique, has special problems when gas-turbine prime movers power 
part of the composite drive. A full description of these special features 
is given, together with a mathematical analysis of the closed-loop system. 


(1) INTRODUCTION 


Wind-tunnel work consists in driving a column of air over the 
surfaces of a model so that its behaviour can be analysed. A 
fundamental aerodynamic requirement is that the velocity of the 
air flow in the working section should be constant during the 
period that balance readings of the forces on the model are 
being taken. Consequently accurate speed control of the com- 
pressor is required over the normal working range. 

In subsonic work the air velocity in the working section is 
directly related to the compressor speed, and thus the control 
of the aerodynamic parameter 4pv? is primarily a function of 
compressor-speed accuracy. 

In supersonic work the air velocity in the working section is 
dependent, for a given compressor speed, on the throat charac- 
teristics of the convergent/divergent flexible wall upstream of the 
model. Speed setting and holding accuracy is mainly concerned 
with positioning and restraining movement of the shock waves 
which form at air speeds above Mach 1. 

The transition from supersonic to subsonic flow occurs at a 
strong “tunnel shock’, and the position of this must be kept well 
downstream of the model. The shock moves downstream as the 
pressure ratio, i.e. compressor speed, is increased, and upstream 
as it is reduced. Hence an unexpected speed reduction is 
dangerous. An unnecessarily high speed, although quite safe, 
is extravagant of power, and good speed control is necessary to 
obtain a satisfactory compromise. 


(2) REQUIREMENTS OF A SPEED CONTROL 


A typical model study, for the type of tunnel considered, would 
be to run a series of tests over a range of Mach numbers, each 
test comprising a series of balance readings at progressive changes 
in model incidence. During each change of incidence, fine 
adjustment of speed, flexible-wall position and air pressure would 
be made to restore the required Mach number and reposition 
the shock wave (with supersonic working). 

A further factor requiring consideration in wind-tunnel work 
is the Reynolds number. This is associated with the scale effect 
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and expresses the ratio of the pressure forces to the viscous forces 
for any given flight condition 


Air density x Relative velocity x Length of object 
Viscosity of the air 


The range of Reynolds number for an actual aircraft over its 
normal speed range may be 5-25 x 10°, and although it is not 
possible to obtain these flight values in a wind tunnel, the test 
Reynolds number is made as high as possible. 

The control system should be capable of holding the com- 
pressor speed within the specified accuracy limits during the 
period of test at a given Mach number, which may be of 30min 


duration. The model would then be returned to zero incidence — 


and a new Mach number obtained by setting the air pressure, 
compressor speed and flexible wall to new values. During this 
period prior to a new test run, transient deviations in speed- 
holding accuracy can be tolerated, but the settling time should 
be short. 

It is an important characteristic of most tunnels that sudden 


changes of aerodynamic loading are unlikely under normal test — 


conditions. 

Extreme accuracy of compressor-speed indication is not 
normally necessary. The aerodynamic parameters are the 
criteria, and these can be more accurately set by reference to 
the sensitive instruments in the air circuit. More importance is 
attached to the ability to adjust and hold the compressor speed 
within fine limits. 

Owing to the dangerous conditions which would result if 
sudden and large changes in compressor speed occurred during 
supersonic working, failure of the automatic speed control during 
steady-state or near steady-state conditions must not greatly 
affect the drive speed. 

Manual speed control during tests would impose a strain on 
the operators if high accuracy is to be maintained, and therefore 
its inclusion is for standby control only. 


(3) THE 8FT HIGH-SPEED TUNNEL DRIVE 
(3.1) General 


The 8ft high-speed tunnel drive shown in Fig. 1 provides a 
maximum output of 80000h.p. to the 10-stage axial compressor 
and has a normal working range of 150-750r.p.m. The machine 
arrangement comprises an 11kV 50c/s 68000h.p. salient-pole 
synchronous motor, directly coupled to the compressor via a 


Cardan shaft, and two 750-volt 600r.p.m. 6000h.p. d.c. motors ~ 


coupled to the synchronous motor via a double-helical gearbox. 
A local generating station provides an alternative variable- 
frequency supply for the main motor. Two 20 MW alternators 
are installed, each powered by a gas-turbine prime mover. 
The control of the drive speed, tunnel conditions and recording 
of aerodynamic data takes place from the observation room. 
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Fig. 1.—Layout of the 8ft high-speed wind tunnel. 


(3.2) Compressor 


The aerodynamic loading on the compressor can be varied by 
_ changing the tunnel air pressure over the range 0-1-4:0 atmo- 
i: spheres. In addition, the compressor itself can be split into two 
| sections—a high-pressure section of six stages and a low-pres- 
ssure section of four stages. For low-power work the high- 
| pressure stage, complete with its associated tunnel casing section, 
is retracted from the tunnel by electro-hydraulic auxiliaries and 
‘replaced by a dummy casing to provide closed air-circuit 
) continuity. ; 
(3.3) D.C. Machines 


The d.c. machines provide a constant torque characteristic over 
\the full speed range, and are supplied by two similar machines, 
j operating as generators, in a series loop under Ward Leonard 
\control and driven by an 11kV 50c/s 14000h.p. salient 10-pole 
) synchronous motor. 


(3.4) 68000 H.P. Motor 


The rating of the 68000h.p. synchronous motor was based on 
|the wind-tunnel design requirement of 49000h.p. at 540r.p.m., 
corresponding to 37-2MW at 36c/s. Therefore, a maximum 
‘output of 68 000h.p., corresponding to 52 MW 11 kv at 50c/s, is 
javailable when operated from the national Grid, with voltage 
‘and horse-power proportional to speed over the range 10-50 c/s 
swhen supplied from the variable-frequency alternators. 


| (3.5) Gas Turbines and Variable-Frequency Alternators 


The gas-turbine power/frequency characteristic shown in Fig. 2 
is approximately parabolic in shape, flattening out in the upper 
pert to give an output of 19-20MW over the frequency range 
@¢-50c/s. Each gas turbine has four independent shaft systems, 
c<emprising two stages of compression with interstage cooling, 
felowed by two stages of expansion. The speed and load are 
geverned by an electrically-driven fuel valve with an overriding 
(limit provided by a hydraulically-controlled governor. 

The 2-pole 3-phase variable-frequency alternators are rated at 
A° MW, 7:92kV, at 36c/s with a voltage proportional to fre- 
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Fig. 2.—Machine characteristics. 
(a) Compressor (high pressure). 
(b) Compressor (low pressure). 


(c) Gas turbine. 
(d) D.C. motors. 


quency over the range 10-S0c/s. The full capacity cannot be 
utilized above 36c/s owing to the flat characteristic of the gas 
turbine. 


(3.6) Methods of Operation 


The compressor changes, together with the tunnel air-pressure 
range described in Section 2, give a wide scope of operation at 
various speeds and loads: 


(a) D.C. machines only .. 


(b) D.C. machines + A.C, motor 
supplied from Grid system 

(c) D.C. machines + A.C. motor 
supplied from variable-fre- 
quency alternators 


Variable-speed low power. 
(12000 h.p.) 

Fixed speed. (Variable power 
with maximum of 80000 h.p.) 

Variablespeed. (Variable power 
with maximum of 66000h.p. 
at 750r.p.m.) 


206 


(4) DESCRIPTION OF SPEED-CONTROL REQUIREMENTS 


The speed control was designed to meet the following 
requirements: 

(i) Completely automatic control for operations (a) and (c), with 
automatic control of the drive up to Grid synchronizing speed for 
operation (5). 

(ii) Ability to change from automatic to manual speed control, 
or vice versa, under stable speed conditions without materially 
disturbing the tunnel air flow. 

(iii) Single-knob control for automatic speed setting, continuous 
over the range 75-750r.p.m. and incorporating fine adjustment 
changes of less than 0-1% speed. 

(iv) Speed-holding accuracy must be within +0-1% of the set 
speed over the normal working range 150-750r.p.m. and +1:0% 
over the range 75-150r.p.m. A departure from this accuracy to be 
tolerated during variation of tunnel conditions between tests. 

(v) The automatic speed control should permit safe starting from 
rest, with controlled acceleration of d.c. machines. 

(vi) Failure of the automatic speed control system during steady 
tunnel conditions should not cause major change in speed. 

(vii) Both manual and automatic speed control to permit emer- 
gency shut-down under controlled conditions by regeneration in the 
d.c. loop. 

(viii) Selection of speed control to give (a) automatic control 
operative on d.c. machines alone, and (6) automatic control operative 
on d.c. machines and gas turbines. The selection of the latter 
control is to be made after the drive speed reaches 150r.p.m. 


(5) DISCUSSION OF POSSIBLE SPEED-CONTROL SYSTEMS 


Prior to the establishment of the detailed speed requirements 
and the selection of the voltage comparison system, consideration 
was given to a number of speed-error detection methods, utilizing 
single-knob control and capable of 0-1°% accuracy over a 5: 1 
speed range, particularly to the role of the gas-turbine control. 
The following Sections give a brief résumé of the most promising 
methods. 


(5.1) Phase Control with Frequency Reference 


The method would consist of matching the phase angle of an 
a.c. tachogenerator coupled to the drive with that of an oscillator 
reference, so that the frequency of the drive in the steady-state 
condition was always in synchronism with the oscillator. The 
frequency setting of the oscillator would have to cover the desired 
speed range and the output of both oscillator and tachogenerator 
fed to a phase-sensitive unit. The difference in phase is measured, 
and the resultant output amplified for control purposes. 

This type of control system would require the drive speed to 
be brought to the set value and synchronized by additional 
control equipment. 

Experience with other tunnels has shown that there is an upper 
limit to the frequency which can be used, since the drive must 
pull into synchronism between a positive peak and the succeeding 
negative peak of the difference-frequency sine wave. The allow- 
able difference frequency depends on load conditions and the 
ratio of accelerating torque to drive inertia. Reduction of the 
oscillator nominal frequency to increase the period during which 
synchronization of the drive can take place, i.e. increase of the 
allowable percentage difference frequency, might lead to the 
drive speed swinging outside the speed tolerance while remaining 
within the synchronous range. 

The optimum frequency range of a small wind tunnel having 
this form of control with a 5 : 1 speed range and a mechanical 
time-constant of 1-:2sec, was found to be 0-84c/s, with a 
permissible difference frequency for synchronization of 0-1 c/s. 

The 8ft tunnel has a mechanical time-constant of 13sec 
referred to the d.c. machines. Thus, neglecting the effect of 
increased air mass and machine-capacity limitations, and 
assuming strict proportionality with the tunnel referred to above, 
the reference frequency for a 5:1 speed range would be 
0:074-0-37c/s. Attendant problems are: 
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(a) The additional time delay due to the generator fields, since, 
in the tunnel referred to previously, the motors are supplied by 
mercury-arc rectifiers. 


(b) The limited torque available for rapid response requirements if | 


synchronism is to be maintained, since, for reasons given later, the 
gas turbine must be limited to slow response. 


(c) With larger mechanical and electrical time-constants, the upper * 


frequency limit must be reduced to a value which makes it necessary 
for the synchronizing accuracy to approach, and perhaps exceed, the 
speed accuracy. 

(5.2) Frequency Control with Frequency Reference 
Certain advantages are obtained over phase control by 


replacing the reference oscillator with a frequency-sensitive | 
bridge having a range equal to the desired speed range, and — 


comparing this with an a.c. tachogenerator or revolution-counting 
device operated from the drive. The drive need only be brought 


to within the frequency range of the bridge, and adjustment of | | 


speed setting can take place without loss of speed control. 


The frequency-sensitive bridge produces a voltage signal, at — 


the tachogenerator frequency, with an amplitude proportional 
to the frequency difference of the tachogenerator and bridge 
setting. This signal is capable of a.c. amplification before being 
fed to a phase-sensitive rectifying stage. 


Fig. 3.—Wien bridge. 


Using a Wien bridge (Fig. 3), which utilizes variable capacitance | 
and is preferable to other bridges using inductances, it can be | 
shown that, for maximum sensitivity, the relationships between © 


the circuit parameters are as follows: 


R, => Rg + Xe and that 1 — w?C3C4R3R,4 = 0 
Also at balance 
Rpt >) SIRE ARG 
Ri, +R, 2R3+ Ry 


From the equation for balance, it follows that, if C; and Cy 


are mechanically coupled and have a linear characteristic of | 


capacitance/vane movement, the bridge will have a set frequency 
inversely proportional to vane position. 


This inverse law is unacceptable, since proportional change of | 
drive speed against dial setting is required. To obtain propor- 
tional change using a simple mechanical condenser-plate drive — 


necessitates special shaping of condenser plates. 

A study of available condensers indicated that linear movement 
with drive speed would reduce the available variable capacitance 
to one-tenth of that given by a semicircular condenser plate. 
This would impose a speed-range limitation of 5:1, since 
single-knob control was required without recourse to range 


switches. This capacitance limitation is capable of marginal | 


| 


' opinion, the simplest method of control. 
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improvement by the use of a fluid dielectric, and consideration 
of temperature coefficient showed the best choice to be a good 
transformer oil. The latter provided a capacitance increase of 
2} times that for an air dielectric, with a net temperature coeffi- 
cient of —360 x 10~° per degC, which could be compensated 
in the resistance arm by using a combination of manganin and 
nickel. 

A further difficulty of the system is the design of a suitable 
phase-sensitive rectifier. This is required in order to detect 
the change in phase of approximately 180° in the bridge output 
as the tachogenerator frequency varies above and below the 
bridge balance frequency. A reference voltage is required of 
greater magnitude which is either in phase with or in opposition 
to the bridge output signal. Obtaining such a reference voltage 
would be extremely difficult. 

Consequently, it was considered that, while the Wien bridge 
method in its then state of development would give greater 
accuracy than voltage comparison for a limited speed range of 
2:1 or 3 : 1, its extension to cover the specified range of 10 : 1, 
utilizing single-knob control, would require comparably greater 
development than that entailed with a voltage comparison 
scheme. 

(5.3) Voltage Comparison 


Voltage comparison control, with a highly stabilized voltage 
reference and tachogenerator field current, in conjunction with 
vefinement in tachogenerator design, offers, in the authors’ 
A ready means of 
adjusting the gas-turbine output is thus available, since the error 


' yoltage can be used to provide control to the fuel valve, and it is 
_ also possible to provide a large range of speed setting which is 
, substantially linear. 
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. source for the duty of master controller. 
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(5.3.1) Role of Gas Turbines. 


Consideration of the relative power levels contributed to the 
drive by the a.c. and d.c. machines, would favour the larger 
After the d.c. machines 
had brought the drive to the gas-turbine synchronizing speed 
(i50r.p.m.), they would be set to contribute a given torque at 
the test-speed setting, and any departure from the set condition 
would be corrected by the automatic speed control operating on 
the gas turbines. This arrangement was rejected for the follow- 
ing reasons: 


(a) The difficulty of obtaining a turbine governor capable of the 
speed accuracy required. 

(b) The problem of load sharing between turbines. 

(c) If the gas turbine served as the master control the advantage 
of the inherent low regulation of the Ward Leonard system would 
be lost. 

(d) The maximum acceleration is limited by the turbine design to 
correspond to a load change of 5000h.p. per minute. , 

(e) Arrangements would be required whereby the automatic con- 
trol could be applied to the d.c. machines only, for operation under 
low-power working. 

(f) The problem of the gas-turbine response to speed error and 
the difficulty of obtaining a reliable transfer function for inclusion in 
a closed-loop speed-control analysis. 


Each gas turbine comprises four rotating units connected 


« solely by the gas that flows between them. Thus the speed and 


temperature will vary as the fuel is varied, and some time 
delay is inevitable before a correct balance is restored. 

Fig. 4 shows a typical response for a step input of fuel, and it is 
scen that an irregular response on a long time scale is obtained. 
Consequently the response of the fuel-valve servo mechanism 
would have to be relatively slow if undesirable oscillations are 
io be avoided. 

With the automatic speed control applied to the Ward Leonard 
eystem, the rate of drive acceleration is considerably greater 
*han that obtained from the gas turbines, since the response is 
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Fig. 4.—Typical response of gas turbine to a step of fuel. 


now limited only by consideration of maximum current in the 
main Ward Leonard loop and the field time-constants of the 
generator excitation system. 


(6) DESCRIPTION OF SELECTED CONTROL 


Both automatic and manual speed control is provided. Auto- 
matic control is arranged to take place in the d.c. machines alone 
or in conjunction with the gas turbines. In the latter operation, 
the gas turbine provides a slow follow-up control, normally 
unloading the d.c. machines so that their full output is available 
for rapid correction of speed error. 


(6.1) Speed Reference and Tachogenerator Field Supply 


In a closed-loop system, random variations in the power supply 
to the reference or in the tachogenerator could cause a corre- 
sponding variation in the control signal, while those variations 
within the loop, although undesirable, are subject to the loop 
gain which reduces their effect. Consequently, in order to 
minimize the effect of random variations outside the loop due to 
changes in mains supply voltage and temperature effects, special 
consideration has been given to the design of the reference and 
tachogenerator. 

The supply to the tachogenerator field and reference potentio- 
meter P,; shown in Fig. 5 is obtained from a stabilized power 
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Fig. 5.—Stabilized reference and tachogenerator field supply. 


supply using a high-stability reference neon tube. The voltage 
across the reference resistor is kept constant, and, as this is a low- 
temperature-coefficient component, the field current is also main- 
tained constant. Thus, should a small change in voltage occur 
across the reference resistor, a corresponding change of current 
would occur in the tachogenerator field. With a substantially 
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linear tachogenerator characteristic, changes in reference voltage 
are largely cancelled by corresponding changes in the tacho- 
generator output voltage. 


(6.2) Speed Control on D.C. Machines 


A high-frequency tachogenerator mechanically coupled to the 
motor-armature shaft provides a voltage output proportional to 
the compressor speed. This reset voltage is fed to the rectifier 
unit and the output is smoothed. The reference voltage is set, 
by means of the 40-turn helical potentiometer P;, to be equal to 
the tachogenerator output at the desired compressor speed. 

The reference and reset voltages are compared so that the 
resultant error voltage is proportional to the deviation from set 
speed. A stabilizing feedback signal from the tachogenerator is 
added to the error voltage. This modified error voltage is 
amplified to provide a push-pull signal and subjected to a current- 
limit voltage, derived from the series windings of generator 2, 
to prevent excessive load in the main Ward Leonard loop. The 
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backed off against a preset voltage to give an adjustable current 
limit. : 
The design requirement, with regard to failure of the automatic 
speed control, is satisfied by the provision of the follow-on 
rheostat. This operates in a direction to provide all the necessary 
generator excitation, thus reducing the speed error, and conse- 
quently the output from the electronic-amplifier-supplied fields. 


(6.3) Gas-Turbine Fuel-Valve Control 


As explained in Section 5.3.1, the nature of the dynamic 
characteristics of the gas turbine limits its role to a slow follow-on 
control. This is achieved by controlling the fuel-valve operation 
and rate of movement, with a fuel-valve pattern signal which 
accommodates the turbine characteristic shown in Fig. 4. ; 

Each gas-turbine fuel valve is driven by a Selsyn receiver which 


remains in synchronism with the Selsyn transmitter coupled to | 
The fuel-valve profile - 


the d.c. motor of the fuel-valve m.g, set. 
is so graded that, although the fuel-flow/horse-power output 
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Fig. 6.—D.C. motor speed control. 


VVEF}, 2,3,4 = Wariable-voltage exciter field windings. 
CVE = Constant-voltage exciter. 
MRH1 = Main rheostat (‘follow on’ rheostat), 
MA = Magnetic amplifier. 
M1 and M2 = D.C. motors. 
G1 and G2 = Ward Leonard generators. 


combined signal is then further amplified and energizes, as shown 
in Fig. 6, the following: 


(a) The push-pull fields of variable-voltage exciter (VVEF2 and 3) 
in a direction to assist or oppose the main exciting field up to 10% 
of the total exciter field strength. 

(b) The push-pull fields of the speed-control m.g. set generator 
G3 which, via the follow-on-rheostat motor and rheostat, changes 
the excitation of the variable-voltage-exciter main field (VVEF1). 


The variable-voltage exciter provides the excitation level to the 
generators Gl and G2. 

An additional current limit is provided for manual speed 
control, and back-up of the electronic current limit, by two 
magnetic amplifiers connected in push-pull and feeding a separate 
variable-voltage exciter field (VVEF4 and 5). The magnetic- 
amplifier signal is derived from the series winding of G1 and 


DT = Damping transformer. 
TG = Tachogenerator. 
G3 = ‘Follow-on’ generator. 
G3F1 and G3F2 = ‘Follow-on’ generator field windings. 
3 = Pilot motor for MRH1. 


} 


characteristic is non-linear, the maximum permissible load 


change of 5000h.p./min is obtained at maximum fuel-valve 
motor speed, regardless of the initial position of the valve. 


(6.3.1) Fuel-Valve Pattern Signal. 


The fuel-valve pattern signal is designed to give an adjustable 
range of fast follow-up control for gross speed errors, followed 
by a reduced fuel-valve speed as the regulation range of the d.c. 
machines is approached. 

A simplified diagram of the fuel-valve closed-loop system is 
show in Fig. 7. 

The error voltage derived from the tachogenerator and 
reference voltage, as previously described, is also utilized for 
control of the fuel valve. The error signal is amplified and 
applied to an adjustable bias unit, which cuts off the error signal 
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until the bias setting is exceeded. Reference to the curve of 
tuel-valve-motor-speed/speed-error in Fig. 8 shows that increase 
of bias setting increases the cut-off zone and that, by bias 
unbalancing, an unequal response can be obtained for positive 
or negative speed errors. Variation of R; alters the gain, i.e. 
the slope of the signal in Fig. 8. In practice, the bias will be 
balanced and the setting adjusted so that current limit in the 
Ward Leonard loop is operative in the cut-off zone. This 
current-limit signal (Fig. 9) is derived from the series winding 
of G2, and gives a voltage proportional to current which is 
added to the biased error signal. Adjustment of gain of the 
main Ward Leonard loop-current signal is provided by R¢, and 
its effect is shown by the dotted lines in Fig. 9. 

The combined voltage shown in Fig. 10 comprises the fuel- 
valve pattern signal. This signal is split to provide a push-pull 
sigral to the electronic amplifier, and the amplified output is 
applied to the push-pull fields of the fuel-valve m.g. set generator 
G4. G4 drives the fuel valve via the motor M4 and the syn- 
chronous link. 


(6.3.2) Fuel-Valve Motor Tachogenerator. 


Open-loop speed control of the fuel valve would be subject 
to load regulation, and would be inaccurate at low fuel-valve 
pattern signals owing to variable friction in the fuel-valve drive. 
Thus, in order to provide proportional control of motor speed to 
error signal over the full range, and consequently to control to 
zero error due to the integral control in the main speed control 
loop, a separate tachogenerator is coupled to the fuel-valve motor 
M4 to provide a reset voltage proportional to the fuel pattern 
signal strength. 

The servo-mechanism block schematic (Fig. 11) shows that the 
fuel-valve control provides an output proportional to error, plus 
*he integral of error which results from the fuel-valve position. 


(6.4) Current Offset 


- The normal action of the gas-turbine control is to correct for 
“ross speed error and current in the main Ward Leonard loop. 
lowever, to make available increased torque to the drive under 
_teady-state tunnel conditions, a direct-current offset control is 
‘ovided. This control sets a false ‘zero current’ datum, and 
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7.—Schematic of fuel-valve control. 
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Fig. 8.—Typical characteristic of main d.c. motor speed error and 
fuel-valve speed. 


FUEL VALVE SPEED 


CURRENT 
REGENERATING 


MO TORING 2 


CURRENT LIMIT 


Fig. 9.—Typical characteristic of main d.c. motor current and 
fuel-valve speed. 
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Fig. 10.—Typical characteristic of current and speed error combined. 


Fig. 11.—Block schematic of fuel-valve control. 


6; = Fuel-valve pattern signal. 
09 = Tachogenerator reset voltage. 
& = 0; — Oo. 
Kio = Electronic amplifier gain, volts/volt. 
kio = Flux constant of d.c. motor, volts per rad/s. 
Ky, = Generator gain, volts/volt. 
Ki2 = Position of fuel valve, i.e. fuel when n = 0. 
Ki3 = Fuel per revolution of d.c. motor M4. 
T19 = Time-constant of smoothing circuit, sec. 
T1,; = Generator (G4) field time-constant, sec. 
T,2 = Mechanical time-constant of d.c. motor (M4), sec. 
T\3 = D.C. motor (M4) armature time-constant, sec. 
n = D.C. motor (M4) speed, rad/s. 


thus provides an adjustable minimum current level in the main 
Ward Leonard loop to which the gas turbines control at zero 
speed error. 

The offset voltage V> (Fig. 7), is developed across the adjustable 
resistances R,;, R, and can be made positive or negative with 
respect to the signal voltage V,, proportional to direct current. 
Variation of the offset voltage moves the direct-current component 
of the fuel-valve pattern signal along the abscissa (Fig. 12), but 
does not vary the preset current limit, since, if V2 increases, V; 
decreases and thus the algebraic sum is constant. 

It will also be seen that use of the offset control limits the 
capacity of the d.c. machines to correct for divergence of drive 
speed from the set condition. 


(6.5) Action of Control 
(6.5.1) Operation at Low Power. 


The case is considered when the d.c. machines are operating 
alone and the tunnel conditions are varied slightly causing a 
small positive speed error, i.e. drive speed below set speed. 

The resulting error voltage, which is equal to the difference 
between the tachogenerator and reference voltages, is amplified 
and energizes the push-pull fields (VVEF2 and 3) of the variable- 
voltage exciter in a direction to increase the excitation rapidly. 
The generator voltage rises and an increased current flows in 
the main Ward Leonard loop to accelerate the drive. At the 
same time, the amplified error signal is applied to the push-pull 
fields of the speed-control m.g. set generator G3, causing the 
pilot motor M3 to rotate and drive the follow-on rheostat at a 
speed proportional to the amplitude of the error signal, and in a 
direction to increase the excitation of the variable-voltage- 
exciter main field (VVEF1). 

As the drive accelerates the error voltage is reduced, thus 
decreasing the excitation to the variable-voltage-exciter push-pull 
fields and the travel rate of the follow-on rheostat until set speed 
is reached. At this position the electronic output is negligible 
and the follow-on rheostat is stationary with the steady-state 
excitation provided by the variable-voltage-exciter main field. 

For large changes in drive speed, where the current in the 
main Ward Leonard loop would otherwise greatly exceed full 
load, the d.c. machines accelerate under current limit control. 

For negative speed changes, i.e. drive speed above set speed, 
the sequence will be as described above except that the variable- 
voltage-exciter push-pull fields will act to reduce the total 
excitation, followed by a corresponding movement of the 
follow-on rheostat. 

It will be appreciated that the speed error at which current- 
limit action occurs will depend on the steady-state load and will 
generally be 0:1°% set speed. 


(6.5.2) Operation at High Power. 
The case of d.c. machines and gas turbines operating under 
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Fig. 12.—Typical characteristic with offset 
control. 


automatic control with zero-current offset and the fuel-valve 4 


speed error bias set at 10% is considered. Consequently, in 
the steady-state condition, all the necessary drive torque is pro- 
vided by the a.c. motor supplied from the gas turbine driven 
alternators. 

For speed errors below 10% of top speed the d.c. machines will 
correct as described above (current-limit control occurring at 
0-1°% for errors in either direction). As the current increases 
from zero in the Ward Leonard loop, the voltage signal V;, 
proportional to this current (see Fig. 7), is amplified and energizes 
the push-pull fields of the fuel-valve m.g. set generator G4, 
causing the d.c. motor M4 to rotate in a direction to increase the 
fuel-valve setting. Reference to Fig. 9 shows that the fuel- 
valve opening speed is constant during the period that the d.c. 
machines are in current limit. 

The gas-turbine power output is increased and the speed error 
is further reduced, if not already corrected by the d.c. machines. 


At zero speed error the d.c. machines will be contributing a share © 


of the drive power and the action of the gas turbines will tend to 
raise the drive speed slightly above the speed setting. The 
resulting error will cause the automatic speed control to reduce 
the excitation of the d.c. machines. This reduction-in the main 
Ward Leonard loop current reduces the signal to the fuel-valve 
control, consequently slowing down the opening of the fuel valve 


until zero direct current is reached, when no further movement of _ 


the fuel valve takes place. 

For speed errors above 10% of top speed the d.c. machines 
correct under current-limit control, as previously described. But 
since the speed-error signal now exceeds the bias setting, the 
fuel-valve pattern signal includes a component proportional to 
the speed error, and the resulting amplified output to G4 is 
increased, causing rapid operation of the fuel valves to assist the 
d.c. machines in the correction of large speed error. 

The maximum rate of fuel-valve movement is limited by the 
characteristics of the electronic amplifier (see Fig. 8), which 
saturates at an input equivalent to a gas-turbine rate of load 
increase of 5000 h.p./min. 


As the speed error is reduced by the combined action of gas _ 


turbines and d.c. machines the rate of fuel-valve movement is 
also reduced, until, at a speed error of 10%, the bias setting cuts 
off the speed-error component to the fuel-valve pattern signal 
and operation takes place under control of the signal proportional 
to the main Ward Leonard loop current, as previously described. 


(7) TACHOGENERATOR 


One type of tachogenerator, specially developed for high- 
accuracy speed controls, is a high-frequency inductor-type 
machine. The rotor is built of laminations, each punched with 
60 teeth, so that the generated frequency in cycles per second is 
conveniently equal to the tachogenerator speed in revolutions 


DRAKE, FOX AND GUNNELL: SPEED CONTROL OF LARGE WIND TUNNELS 


AC..WINDI 


EXCITATION 
WINDING 


STATOR 


Fig. 13.—H.F. tachogenerator, stator and rotor slots. 


‘per minute. The stator carries both d.c. (excitation) and a.c. 
(output) coils. Stator and rotor slotting is shown in Fig. 13, 
from which it can be seen that the air-gap reluctance is constant, 
being independent of the rotor position relative to the stator. 
Consequently, less alternating voltage is induced in the d.c. 
windings. 

This alternator is suitable for running over a wide range of 
| speeds; its open-circuit characteristics are more linear than those 
_of d.c. machines, over a working range of excitation values. The 
hysteresis effect is small. For high-accuracy speed controls 
using voltage reference it has advantages over d.c. tacho- 
generators in that there are no brushes or commutators. The 
output waveform is nearly sinusoidal at all speeds, and with a 
| jow modulation inherent in the machine, accurate speed indica- 
tion is possible. 

Difficulty was experienced with some early machines which 
‘had a low-frequency modulation superimposed on the high- 
‘frequency output voltage. This is especially troublesome in 
- control systems and is overcome by a special type of tacho- 
- generator construction. 

The major disadvantage in using an a.c. tachogenerator is that 
. rectification is necessary to compare with the voltage reference of 
' the servo system, and care must be taken to minimize the rectifier’s 
| undesirable characteristics if an accurate speed signal is to be 
' obtained. 


(8) TESTS ON SPEED-DETECTION CIRCUIT 


Works tests were undertaken to serve as a trial of the actual 
‘components to be installed on site. The purpose was to deter- 
Mine and improve the accuracy of speed reference and detection 
over the entire speed range. The causes of inaccuracy were 
_ distinguished as follows: 

(a) Magnetic hysteresis in the tachogenerator. 

(b) Rectifier temperature variations. 

(c) Stator air-gap temperature-difference variations 
tachogenerator. 

(d) Short-term ageing of the rectifier. 

(e) Overall temperature change of the tachogenerator. 

By backing off the rectified tachogenerator voltage against a 
stabilized voltage a reading was taken, on a sensitive galvano- 
meter, of the change in speed reference. 

In tests of this kind it is necessary to achieve extreme accuracy. 
To control the speed of the motor driving the high-frequency 

tachogenerator would introduce errors of the same magnitude as 
those we are trying to determine. The driving motor speed can 
be made independent of mains-voltage variations, but mains- 
frequency variations are present. 

The technique adopted was to reduce all speed changes to 
second-order effects. A curve was plotted of galvanometer 
4eflection against speed over a range of mains-frequency varia- 
tions. Sufficient readings were taken to obtain the slope of the 
ine of best fit. Fig. 14 shows the method used to correct the 
measured speed for zero galvanometer deflection. Having 
«btained the slop of the curve (xy), a parallel line is drawn 
i rough the test point A to intersect the speed axis at the point B. 
“his point is then the corrected speed for the tachogenerator 
-oltage to be exactly equal to the reference voltage. 


in the 
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Fig. 14.—Graphical method of speed measurement correction. 


Average speed measurements were taken throughout the tests 
by means of a crystal-gated counter over a period of 10sec. 

At the beginning of the tests, variations in speed reference were 
+0-03% in half an hour. 

By temperature control of the high-frequency tachogenerator, 
and tacho-rectifiers with smoothing circuit, and a reference 
potentiometer, the variations were reduced to less than +0-01% 
in an hour and a maximum drift of 0-03 % per hour, after 3 hours’ 
running time. Drift is defined as the rate of change of speed 
reference with time. 

By far the biggest change in speed reference occurs shortly 
after switching on the tachogenerator. In the first 20min, the 
variations and drift may be four times as great as the above figures, 
ie. reference variation of 0:04% and maximum drift of 0-12% 
per hour. 

It is clear, therefore, that more accurate results may be obtained 
if the tachogenerator is allowed time to settle. One of the con- 
tributory factors to large initial variations is the difference in 
temperature between the stator and rotor surfaces. Usually, the 
field current of the tachogenerator is left switched on, and this 
temperature difference is caused by a high-frequency iron loss in 
the rotor after the machine has started to run. 

The tachogenerator has a small ratio of gap to diameter of 
rotor, so that, if the temperature of the rotor changes relative 
to that of the stator, the length of air-gap is changed by a 
considerable percentage, with a corresponding change in the 
generated voltage. By calculation, it is found that an 0-1°C 
change in temperature difference gives 0:02°% change in speed 
reference. If the temperature were uniform it would require a 
change of 20°C to cause a change of 0:02 % in reference. 

During these tests, and also on the final arrangement at site, 
the entire tachogenerator was enclosed in a heat-insulating box, 
with a heater and thermostatic control. An internal fan on the 
tachogenerator shaft circulates the warm air through louvred end 
plates. 

The tachogenerator is mounted on a separate plinth at a small 
distance from the main gearbox, in order to avoid exposing it to 
an additional source of heat. The plinth is mounted on rubber 
blocks to prevent any mechanical vibration present on the motor 
room floor affecting the magnetic flux in the tachogenerator, 
since, if the excitation current has recently been altered, sharply 
jarring the tachogenerator causes an instantaneous permanent 
change of magnetic flux. Repeated jarrings produce smaller 
changes until eventually a steady-state flux is reached. 
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The effects of temperature changes on the tacho-rectifier and 
stabilized voltage reference were studied in detail. There is a 
combined effect giving a change of 0:027% per degC in speed 
reference. Temperature changes of the rectifier alone produce 
a maximum drift in speed reference of about 0:07% per degC. 
Although these results are not conclusive, it appears that tem- 
perature effects are partially compensating. 

The voltage-reference valves in the stabilized supply—two 
type QS83/3—have a temperature coefficient of voltage of 
0:0033% per degC. This drift in reference voltage causes a 
corresponding change in tachogenerator field current, which is 
largely compensated by the circuit arrangement. This avoids the 
necessity of having to control the temperature of the voltage 
reference supply. 

The tacho-rectifiers and the smoothing circuit are built into a 
totally enclosed steel box with a heater and thermostatic control. 
The heater and thermostat operate with a temperature differential 
of approximately +4°C. The normal operating temperature is 
about 35°C. A small circulating fan of about 5-10 watts 
mounted inside the box is sufficient to maintain a uniform air 
ternperature. 

The multi-turn reference potentiometer is liable to resistance 
changes due to temperature changes: inside the control desk. 
It is therefore mounted in a temperature-controlled steel box, 
with a circulating fan to keep the air temperature uniform 
irrespective of the thermal dissipation from the top surface of 
the desk. 
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c; = Generator gain, volts per field ampere. i 
R; = Generator field circuit resistance, ohms. { 
‘Follow-on’ generator output, volts. | 
c, = ‘Follow-on’ generator gain, volts per field ampere. 
R, = ‘Follow-on’ generator field-circuit resistance, ohms. | 
ko = Flux constant of pilot motor, volts per rad/s. | 
® = Pilot motor speed, rad/s. qi 
io = Pilot-motor armature current, amp. 
Ro = Pilot-motor armature circuit resistance, ohms. 
My = Load torque on pilot motor due to rheostat, 1b-ft. 
Jo = Inertia of pilot motor and rheostat, slugs-ft?. 
p = Angular movement of rheostat, rad. 
K, = Rheostat constant, volts/rad. 
v = Voltage output from rheostat, volts. 
= Variable-voltage- -exciter Output, volts. (Resulting from _ 
‘follow-on’ circuit.) | 
c4 = Variable-voltage-exciter gain, volts per field ampere. | 


Il 


(Resulting from ‘follow-on’ circuit.) 
R, = Variable-voltage-exciter field circuit resistance, ohms. | 
(From ‘follow-on’ circuit.) 
i, = D.C. motor armature current, amp. 
R, = D.C. armature circuit resistance, ohms. 
k, = Flux constant of d.c. motor, volts per rad/s. 
M, = Compressor load torque, referred to d.c. motor, lb-ft. 
J, = Total inertia referred to d.c. motor shaft, slugs-ft?. 
ky = Gain of feedback network. 
T, = Time-constant of tacho-smoothing circuit, sec. 


VM. EXCITER 


Fig. 15.—Block schematic of d.c. motor-speed control, without current-limit control. 


(9) MATHEMATICAL ANALYSIS 


The following symbols are used and the appropriate units are 
given. The block schematic of the system is shown in Fig. 15. 


w.~ = Deviation applied to the electronic amplifier unit, rad/s. 
@ = D.C. motor speed, rad/s. 
“1 = Set speed, rad/s. 
= Electronic amplifier gain, volts per rad/s. 

: = Electronic amplifier output, volts. 

v; = Variable-voltage exciter output, volts. (Resulting from 
electronic amplifier.) 

cy = Variable-voltage-exciter gain, volts per field ampere. 
(Resulting from electronic amplifier.) 

R, = Variable-voltage-exciter field-circuit resistance, ohms. 
(From electronic amplifier.) 

v2 = Variable-voltage-exciter total output, volts. 

v3, = Generator output, volts. 


T, = Effective time-constant of variable-voltage exciter, sec. 
73 = Generator field time-constant, sec. 
T) = Mechanical time-constant of d.c. motor, sec. [Defined 
in eqn. (12a).] 
Ts = Mechanical time-constant of pilot motor, sec. [Defined 
in eqn. (14a).] 
Tx = ‘Follow-on’ generator field time-constant, sec. 
Ts = Time-constant of feedback network, sec. 
w = Angular frequency, rad/s. 
D = Differential operator. 
= Constant, defined in eqn. (126). 
= Constant, defined in eqn. (145). 
= Constant, defined in egn. (15). 
my = Constant, defined in eqn. (16). 
y = Ratio, m,/m,. 


For brevity, the expressions (1 + 7,D), (1 + ToD), etc., have 
been shortened to (1), (0), etc. 
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(9.1) Equations 


Electronic output: KGe@) ==Cles ~ (4) 
Cp. RA ZW> pe ss (2) 

Exciter and generator: < cv, = R33); . . . : . (3) 
CERO PUSS we 2 (4) 

Cy == IES) 4 eee U6) 

Vv, = ky® == igRg . . (6) 

‘Follow-on’ control: 4 aes see eee eae 
CeO Me Wert x cs oe” *(8) 

Kip =U . . . . (9) 

L Ngee Rate oe <2 2. (10) 


It is assumed that moyement of the pilot motor changes only 
the voltage applied to VVEF1, i.e. the change in resistance R, 
is neglected. 

The effective time-constant T, applies to transients in the field 
windings on the variable-voltage exciter, i.e. the arithmetic sum 
of the individual time-constants of each field winding. 


Generator voltage and %=iR,+kyo (11) 
output speed 0-74k,i; =M,4+J,D@ (12) 
Trom eqns. (11) and (12), eliminating i,, 
eR Mire = 
v3 = 0:74k, T ad + ToD)k,@ 
where, by definition, 
Iii 
7% = 0- 74K (12a) 
ie. 035 XxX = (O)k,@ 
RM, 
= 2 
where XxX 0° 74k, (125) 
‘From eqn. (3), eliminating v3, 
C30. = R3(3)X1 + R33)O)k,@ (13) 
‘From eqns. (6) and (7), eliminating io, 
Ca Xo = (p)ky@ : (14) 
where, by definition, 
_ JoRo 
gas 0-74k2 5 . ‘ A A (14a) 
_ RoMo 
and Xp = 0: 74k, (145) 
KexC3 
i = 15 
By letting ™ = ERR, (15) 
Ke K4030¢4 
ss 2 16 
and Ts — RRR, (16) 
and eliminating all variables except the output speed @, we have 
GR ()(QB3)(P)C)DX 
[2,(¢)(x) D + m]d, — a (1)(x) Xo e 
x 


= [ODAEB)\(P@D + m(PO)D + m]a (17) 


(9.2) Stability 


For a stability check, we are interested in the roots of the 
d Terential expression on the right-hand side of eqn. (17). How- 
eer, the system stability is most readily obtained by applying 


P yquist’s criterion. 
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A plot of w,/@ is the inverse Nyquist diagram. 

Since we require the relationship between error and output 
only, the external torque terms, involving constants X9 and Xj, 
may be ignored; 


Le. [PCD + m]o, = [OM AEB\G)a)D]a 
+ [m(P)@)D + ma 


as @,—-@=w,and d= 


— OA)DEB)P)@)D 
m(p)(x)D + m 


Examination of this expression for w,</@) shows that a relation- 
ship between mm, and mz is required. 

m, is a constant gain for a class 0 system. my is adjustable, 
since it depends on the value of K,, the rate of change of v 


then, me|8o 


(18) 


with time. Hence, in order to determine mm, a time scale is 
necessary. If we let 
- cel pee OA 
Mm =my ie.y= nL 
0)(1)(2)B D 
then Des (0)(1)(2)(3))(x) 


my + (f)@)D] 


To determine the value of y, we have, from eqns. (8) and (9), 


ie. after ¢, seconds, p=oh => 
Ky 
If, after time ¢,, the exciter output voltage increases by an 
amount equivalent to the maximum electronic-amplifier field 
output, then, under steady-state conditions: 


C> C4 Ry4cr 
—VUy = =U LeU — i, 
Root Ray c4R5 
ie Za RycxWo RK icq ~ % 
aig . c4R,K, COR, Ot, 
Cx 
Now Uj =, = kpw 
Rx 
R 
1.€ hy = ky 
Cx 


1.€. mM, = m X — 
Further consideration of w,/@) shows that the expression is 


composed of two factors, multiplied together, 


(0)A)(2)(3) 


my 
which is the factor for ‘proportional control’, 


(dD _ 
y+(P@)D 


which is the multiplying factor for ‘integral control’. Having 
simplified the expression for w</@, the effect of ‘integral control 


and 
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Fig. 16.—Inverse Nyquist diagram for ‘proportional’ and ‘integral’ 
control. 


may be determined from a plot of eqn. (18). Referring to Fig. 16, 
the inverse Nyquist diagrams have been drawn for 


(a) Proportional control alone. 
(6) t; = 20sec. 

(c) t, = 10sec. 

(2) t; = S5sec. 


The compressor is designed to work with either four or ten 
stages and the mechanical time-constant ty has two values, 
namely, 6 and 13sec, respectively. The higher value has been 
taken for purposes of this analysis. 

It can be seen that, when t; = 20sec, the effect of the ‘integral 
control’ on the normal forward loop is relatively small. Further, 
the maximum electronic-amplifier field output is designed to be 
10% of the total. The time required for 100% output from the 
exciter due to VVEFI is 200sec. This is comparable with the 
total accelerating time, of approximately 10min, under gas- 
turbine control. 

Since, under operational conditions, the ideal control behaves 
as an ‘integral control’, i.e. zero-error system, the determination 
of gain is not straightforward. However, if we consider the 
system as purely ‘proportional control’, the system gain is fixed 
by the ratio of the natural regulation of the Ward Leonard drive 
to the required regulation under speed control, i.e. say 4 to 0-1 %. 

Therefore the system gain m, is 40. 


(9.3) Feedback 


To give a suitable stable response for a loop gain of 40, an 
overall transient feedback with a transfer function 


k ¢T¢ D 
1 == TD 
was used, 
where ky= Feedback gain of the tachogenerator driven at 
@ radians per second, volts per rad/s. 


and Tr, = Time-constant in a CR network. 


The values are as follows: Te = 0:25 sec 
(a) ky = 5-0 volts per rad/s 
or (b) ky = 6:0 volts per rad/s. 


The feedback gain may be adjusted by means of a tapped 
voltage transformer in the tachogenerator output circuit. 


(9.4) Stability with Feedback 


Fig. 17 shows, in curve (a), the Q-diagram for the time- 
constants given in Table 1. This curve crosses the negative real 
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Fig. 17.—Q-diagram with feedback. 


axis at a point corresponding to a system gain of 33, which is the 
wrong side of the (—1, /0) point, showing that the system by 
itself would be unstable. Curve (5) shows the addition of the 
feedback vectors on the original locus, with a feedback gain of 
5 volts per rad/s. This new locus is tangential to the M = 1:14 — 
circle, so that we may expect a step input of reference to produce 
a stable speed change with approximately (1-14 — 1-0)/1-14 
~ 12% first overshoot. The value of w at the M = 1-14 circle 
is approximately 1-25, which we would expect to be the natural | 


Tabie 1 
The time-constants are as follows: 
Tor SSeS 
t= O0-lisec 
T = 0:4sec 
T= 35SEC 
Tg = 0-015 sec 
Tx = 0:08 sec 


oscillation frequency of the system. The higher value of w at 
the M = 1 circle is approximately 1-4, so that the expected time 
to cross-over would be z/1-4 = 24sec. Also the radius of the 
M = 1:14 circle laid along the locus from w = 1-0 to 1-4 
indicates that we may expect an exponential decrement of 0-4. 

Increasing the feedback gain to 6 volts per rad/s should produce 
an overdamped system as shown in curve (c), the locus lying 
entirely outside the M = 1 circle. 

Although the results obtained from the Q-diagram for time to 
cross-over, oscillation frequency, first overshoot and exponential 
decrement are only approximate (the general theory of ‘curvilinear 
squares’ applies only to linear systems with two time lags), they 
are sufficiently encouraging to proceed with the transient analysis 
on the basis of the single feedback quantity. 


(10) CLOSED-LOOP TRANSIENT RESPONSE 
(10.1) Equations 


Since the inverse Nyquist plot with y = 1/20 is approximately 
the same as with y = 0, the response calculations have been 
simplified, and the equation representing the proportional system, 
including feedback, is as follows: 


ee (0)(1)(2)(3) kyt¢D 
m, 1 + TD 
i.e. the complete equation may be written as 
Hi [m(f)] — @[O)A)(2)B)A) + myker¢D + m(f)] . (20) 


Responses are calculated for a step function of @,. 


We 


(19) 
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Fig. 18.—Calculated response to step input of reference. 
The solution obtained by substituting the appropriate values 
in eqn. (20) is as follows (neglecting minor terms): 


= 0-978 — 0-975¢e— 9°81! — Q- 59g—9-38t sin (1-377) (21) 


This has been plotted in Fig. 18, from which it may be seen 
that the overshoot is 10°%, with a time to cross-over of 2-7sec 
and a settling time of 10sec, for a small step of reference. 


(10.2) Analogue-Computer Results 


Fig. 19(5) shows the output response of the linear system with 
@ step of input reference. The feedback gain is ky = 5 volts 


PEACE 


OUTPUT SPEED 


OUTPUT SPEED 


5 
TIME, SEC 
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per rad/s. The similarity between Figs. 18 and 19(4) is 
encouraging, the calculated result showing the analogue simula- 
tion to be correct. 

This and the following analogue-computer results include the 
effect due to the ‘integral control’, whereas the simplified 
calculated result omitted the ‘integral control’ as having negligible 
effect. 

Figs. 19(@), 19(c), and 19(d) show the variation in response 
with feedback gain. The values of ky are 4:5, 6:0 and 7:0 volts 
per rad/s, respectively. The last value gives an overdamped 
system, which is undesirable, as it will have a long settling time 
compared with the previous values of ky. Fig. 19(d) cannot show 
this characteristic very clearly, as the deviation is very small 
compared with the full-scale deflection. 

So far, the response of the system has been studed with regard 
to a step of reference voltage. Another important response is 
that due to a disturbance in the speed-control system resulting 
from a change in load torque, i.e. compressor torque. This may 
be due to a change in air density, or the incidence of the model 
affecting the velocity of the air in the tunnel. 

Fig. 20 shows the speed response of the linear system to a step 
change in load torque. Ina ‘proportional control’ system a full- 
load torque change would result in a steady-state speed change 
of 0:1%, i.e. the load regulation of the closed-loop system. 


(10.3) Non-Linearities 
In a speed-control system such as the one described, there are 


¢) 


OUTPUT SPEED 


OUTPUT SPEED, 


TIME, SEC 


Fig. 19.—Transient response to step input of reference, obtained from analogue computer. 


(a) ky = 4-5. 
(b) kj = 5-0. 


(c) ky = 6-0. 
(d) kj = 7-0. 


OUTPUT SPEED 


TIME, SEC 


Fig. 20.—Transient response to step of load torque, obtained from analogue computer. 
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two major non-linearities apart from a number of minor ones 
that are normally neglected. 

The first non-linear characteristic that appears with an increase 
in error signal is amplifier saturation. This causes a reduction 
in system gain of 100 to 200 times. The response of such a 
system is grossly over-damped as shown in Figs. 21 and 22, where 


(aoe 


x 500 


ERROR SIGNAL 


Te 


| 


OUTPUT SPEED 


TIME, MIN 


Fig. 21.—Acceleration with electronic amplifier saturated, obtained 
from analogue computer. 


ERROR SIGNAL 


OUTPUT SPEED 


TIME. MIN 


Fig. 22.—Deceleration with electronic amplifier saturated, obtained 
from analogue computer. 


the error-signal characteristic is plotted with a vertical scale factor 
of 500 times. These figures show the long settling time associated 
with ‘integral control’. 

The second major non-linearity is due to the current-limiting 
feature in the main Ward Leonard loop. This is designed to 
keep the d.c. machines within their transient over-current 
capacity however large the system error. In other words, the 
correcting torque has to be limited to safeguard the d.c. motors 
and generators. The current-limit control forms a separate 
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servo mechanism which must be analysed and stabilized 
independently. 
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(12) APPENDIX 


Actual Results 


Measurements were taken on the main drive speed-control © 
equipment of the 8ft wind tunnel in October, 1957. For this 
series of tests the h.p. compressor was out of circuit and the 
dummy section was in position. The tunnel was evacuated in — 
order to allow the d.c. motors driving the 4-stage low-pressure ~ 
compressor to run at full speed. The main 68 000h.p. a.c. motor } 
was not energized during the speed-holding tests. 

A very sensitive measurement of speed was made using a 
crystal-gated counter to integrate speed over a time interval of 
10sec. The counter signal was obtained from a photo-electric 
pick-up, electronically amplified to about 20 volts (peak). The 
light source was interrupted by 600 steel pegs driven into the 
face of the brake wheel on the main compressor shaft, so that, | 
at a speed of 750r.p.m., the total count was 75000. By this © 
means, a possible speed change of 0:1% at this speed is repre- | 
sented by a change of 75 in the count. 


(12.1) Long-Term Stability Test 


The long-term stability run was to enable the drift levels in the 
complete equipment to be determined. The d.c. drive was run 
under automatic speed control at a fixed set speed of approxi- 
mately 600r.p.m. for 5 hours’ duration. The first reading was — 
taken + hour after setting the speed. For the first hour of the } 
test, readings of speed, load and various temperatures were taken 
every 5min and thereafter every 15min until the completion of 
the test. For the S5min readings, single 10sec counts were 
taken, but subsequently, for the 15 min readings, the average of 
ten 10sec counts were taken for the speed reading. 

The temperatures inside the tachogenerator box, tacho-rectifier 
box and speed-reference potentiometer were controlled and did 
not vary by more than +0-5°C during the whole test. The 
d.c. load increased gradually and steadily during the first 3 hours ) 

| 


of the test from 3050 to 3700amp, owing to a steady increase 
in the air pressure within the tunnel. After 3 hours the tunnel 
was further evacuated until the d.c. load was reduced to 2700 amp, 
and subsequently for the remaining 2 hours of the test, the d.c. 
load steadily rose to 3150amp. 

The 3-phase 50c/s a.c. supply voltage was carefully metered — 
during the test, and random voltage changes amounted to a total 
variation of 410-430 volts. : 

| 


The speed measurements are shown in Fig. 23, together with 
the specified limits of speed accuracy. It will be seen that the 
control responded to the d.c. load change that occurred after 
3 hours. 


(12.2) Short-Term Stability Tests 


Short-term. stability tests consisted of a number of runs of 
30min duration designed to determine the short-term stability 


DRAKE, FOX AND GUNNELL: SPEED CONTROL OF LARGE WIND TUNNELS 


SPEED +0-1°% 


MEAN SPEED 


SPEED, R.P.M. 


@ 3 
TIME - HOURS 


Fig. 23.—Speed record of long-term stability test. 


of the control system. The d.c. drive was run under automatic 
speed control at fixed set speeds of approximately 300,.150, and 
75r.p.m. Again, the first reading in each test was taken + hour 
after setting the speed. Readings of speed, load and tempera- 
tures were taken every Smin. Speed readings were the average 
of ten 10sec counts. Temperature variations in the air tem- 
‘perature inside the thermostatically controlled boxes were less 
than +0-5°C. Fig. 24 shows the speed measurements taken at 
each of the three set speeds. The d.c. load current remained 
substantially constant during each 30min run and was metered 
\a8 follows: 
1050 amp at 300r.p.m. 


1550 amp at 150r.p.m. 
500 amp at 75r.p.m. 


‘The last two readings were with the tunnel at atmospheric air 
pressure. 


| (12.3) D.C. Load Change. Step-Off 

The test of changing load was by suddenly reducing the 
id.c. load, with the d.c. drive running under automatic speed 
«control at a set speed of 318 r.p.m., with the tunnel evacuated to 
3-4inHg static pressure. This was achieved by using the 
68 000 h.p. a.c. motor as a generator supplying a test-load tank, 
sand by opening the circuit-breaker to reduce the d.c. load sud- 
denly. Initially the a.c. motor excitation power was adjusted to 
give 5000amp d.c. load. After tripping the a.c. circuit-breaker 
he base load supplied to the compressor was 1000amp d.c., i.e. 
a step of load corresponding to two-thirds full-load torque of 
e d.c. drive. Fig. 25 shows the transient speed change, to this 
step of load torque, taken with a high-speed pen recorder fed 
from the rectified tachogenerator voltage. 


(12.4) Conclusions 


Both the long-term and the short-term stability tests show that, 
der the load conditions prevailing with the low-pressure com- 
oressor, the speed-control system can maintain the speed to an 
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Fig. 24.—Speed record of short-term stability tests. 
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Fig. 25.—Transient speed change to step of load torque. 


accuracy within less than +0-1°% of set speed, from full speed 
down to one-tenth of full speed. 

The transient performance resulting from a large step of load 
torque at 318r.p.m. shows a 2% peak speed disturbance for a 
two-thirds full-load torque step ‘off’ and a recovery time of 
approximately 35sec under the direct action of the ‘follow-on’ 
control. 


[The discussion on the above paper will be found on page 228.] 
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SUMMARY 


To develop supersonic air flow in a wind tunnel it is usual to provide 
a nicely contoured constriction in the air passage ahead of the model 
test region, and it is necessary to alter the cross-section of this ‘throat’ 
to cater for different air speeds. In the tunnel under consideration, 
the constriction is formed by two flexible steel plates, sliding between 
side walls and constrained to the required adjustable profile by a series 
of hydraulically-actuated screw jacks. 

The paper deals with the electrical control system, for storing the 
necessary jack-setting data on punched tape, and releasing it to govern, 
simultaneously, the motion of every screw jack with the required 
degree of precision, so that the shape of the aerodynamic throat can 
be adjusted progressively throughout the air-speed range of the tunnel. 

In developing the system, a number of pieces of electro-mechanical 
equipment had to be devised. Some of this new apparatus is briefly 
described, and its operation is indicated. 


(1) INTRODUCTION 
The paper is concerned with the light-current control system 
which has been provided for controlling the air speed, in the 
supersonic range, of the 8ft x 8ft high-speed wind tunnel at the 
Royal Aircraft Establishment, Bedford. 


SLIDING JOINTS 
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It was published in December, 1957, and was read before 


as follows: 


(a) A pressure shell to contain the air flow. 

(6) A compressor to circulate the air. 

(c) A working-section nozzle where the air speed may be 
controlled. | 

(d) A supersonic diffuser for achieving maximum energy recovery. | 


test region is adjusted by the speed, and therefore the output, of) 
the compressor. Under this condition, the working-section)) 
nozzle takes the form of an entry flare, followed by a test region} 
of sensibly uniform cross-section [see Fig. 2(a)]. However, 


of the tunnel in the test region, and no longer by the compressor 
output. The latter, however, must be sufficient to force the} 
shock waves downstream of the model. 
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Fig. 1.—Outline of 8ft x 8 ft wind tunnel. 


(a) Elevation of working section leg. 


(6) Plan. 


This tunnel, as outlined in Fig. 1, is of the return-flow type 
and is designed for operation both in the subsonic region, and in 
the supersonic region up to a Mach number of 2:8 (i.e. 2:8 times 


The paper is a communication from the Staff of the Research Laboratories of The 
General Electric Company, Limited, Wembley, England. 
Mr. Barnes is at the Ministry of Works. 
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AIR-FLOW. 


constriction by shaping laminated timber blocks to the requirec | 
profile, in which case a different set of blocks is required for each 
Mach number. For a large wind tunnel, changing the air speec 
by this method would be a very slow process involving stopping 1 
the compressor, equalizing the tunnel pressure to the atmosphere / 
changing the blocks (weighing perhaps 30 tons each), adjusting 
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os M=1°0 


Fig. 2.—Nozzle shapes for subsonic and supersonic air flow. 


the pressure and restarting the compressor. It will be apparent 
that there are advantages in an alternative method in which the 
walls of the air passage are flexible and can be adjusted to the 
required shape whilst the tunnel is running. Much time (and a 
considerable amount of electrical energy) is saved, any inter- 
mediate Mach number within the range of the tunnel may be 
achieved, and there is not the need for providing (and storing) a 
sonsiderable range of blocks. Several tunnels having flexible 
mozzles are in existence, and they show considerable variation in 
ithe systems adopted for adjusting the walls. 

In large supersonic tunnels, where considerable power is 
anvolved, it is advantageous to provide a second constriction— 
fa supersonic diffuser—downstream of the model. By proper 
adjustment of its shape in relation to the Mach number, it is 
possible to set up conditions suitable for the maximum recovery 
‘of potential energy from the kinetic energy of the air stream; 
thereby a considerable reduction in the rating of the compressor 
plant can be achieved. 

The control system under consideration provides for the 
Simultaneous and automatic setting of both the working-section 
mozzle and the supersonic diffuser, for any selected Mach number. 


(2) RESUME OF REQUIREMENTS 

Tn the working-section nozzle two flexible steel plates make the 
upper and lower air-swept surfaces, and they slide between two 
fixed side walls, as indicated in Fig. 1. The flexible plates are 
approximately 65ft long, 8ft wide, and lin thick, and are con- 
strained to the required shape by 30 jacking stations distributed 
along their length. Each jacking point consists of two 30-ton 
BCcrew jacks, supported in a portal frame structure built up on 
the side walls and driven by a common hydraulic motor. Fig. 3 
's a sketch of the arrangement at a station for the upper flexible 
blate. 
The theoretical nozzle shape can be calculated for any air 
~peed, and the control system must be capable of storing this 
nformation and then directing the 60 pairs of screw jacks to 
send the plates to the required shape whenever that particular 
iMach number is called for. Moreover, great precision is 
cequired; first, because the quality of the air flow in the model 
rezion is critically dependent on exact wall curvature, and 
wes ‘ondly, because the stress developed in bending the plates, 
*ven to the correct profile, is relatively high. Should any jack 
seed or lag during the reshaping process by more than a very small 
ursount, the stress may reach the yield point. In brief, for 
liafety and for quality of the air flow, every jack must be kept at 
ili times within +0-010in of its calculated position, and the 
lie elopment of the control system was based upon a target 
we uracy of +0-00S5in. 
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There are a number of reasons why the theoretically calculated 
wall shape for a given Mach number may require correction for 
measured imperfections of the air flow. Means must therefore 
be built into the system whereby a small manual adjustment can 
be fed into each station, and the amount of it indicated on the 
control panel. It is expected that this facility will be most used 
in the early stages; when sufficient experience has been obtained, 
it should be possible to assimilate these adjustments in the 
automatic working by supplying a new set of punched tapes. 


(3) METHOD OF AUTOMATIC CONTROL 


After a number of alternatives had been considered, a scheme, 
proposed by the Ministry of Supply, was adopted involving 
step-by-step adjustment of the jacks under control of data stored 
on punched tape. 

A pilot lead-screw of precision grade is fitted alongside each 
pair of screw jacks (see Fig. 3), and this is retracted or extended 
in steps of fixed amount by an actuator (termed an ‘impulse 
receiving unit’) fed with electrical signals from outside the 
pressure shell in accordance with perforations on the control 
tape for that station. Thus, at every instant, the pilot screw is 
made to set up the required jack extension, and the main 
screw jacks are hydraulically driven to follow the pilot screw. 
This is arranged by siting the hydraulic control valve so that its 
piston is actuated by any transient difference between the ex- 
tensions of pilot and jack. 

A separate punched tape has been provided for each jacking 
station, and, when all the tapes are run through their readers 
together, the nozzle shape varies in a way predetermined by the 
tape perforations and gives a progressive change of air speed 
from Mach 1-0 to Mach 2:8. For the stations near the super- 
sonic throat, where the total jack movement is greatest (34 in), 
each perforation represents 0:0025in, so that 13600 perfora- 
tions are required, and this determines the physical length of all 
the tapes. Tapes for other stations have fewer holes more 
widely spaced. Near the model the total jack movement is 
small, and precision of wall shape is more important. Con- 
sequently for nine stations a reduced step of 0-001 25 in has been 
adopted. 

A uniform rate of impulsing of 6-5 per second is used, giving 
a programme time of 40min (approximately) for covering the 
complete air-speed range. A faster rate might be desirable from 
the operational standpoint, but there is a limit set by the amount 
of hydraulic power available. 

Errors, either resulting from failures of apparatus to respond 
to every impulse or due to missing or false impulses, are not 
tolerable, especially should they accumulate. Not only will the 
wall get out of shape, but its actual shape will become unknown 
to the operating staff. This danger has been guarded against by 
providing a second punched tape for each station. This operates 
a monitoring receiver and checks the action of the impulse 
receiving unit at every step. An error so detected can usually 
be rectified, and automatic action resumed, without the need for 
entering the tunnel. 


(4) DESCRIPTION OF CONTROL SYSTEM FOR THE 
WORKING SECTION 


(4.1) Schematic 


Fig. 4 is a block schematic illustrating the general principles 
of the method of control evolved to meet the requirements 
discussed in the previous Section. This Figure indicates the 
apparatus for one jacking station on the upper wall of the working 
section and the corresponding station on the lower wall. Briefly, 
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Fig. 3.—Sketch of a jacking station on the upper wall. 
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Fig. 4.—Schematic of control system for the working section. 
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ne operation of this complex system is governed by a primary 
npulse machine—the pulsator—which, when a new Mach 
umber has been selected by the operator, sends a train of 
npulses to every tape reader until the required wall configuration 
as been reached. The circuits involved are of little novelty, 
ing in the main based on the use of the standard-pattern relay 
type 3000). Greater interest centres on certain items of new 
quipment, which had to be designed and developed. The 
ollowing Sections describe in detail some of these developments, 
nd an outline of the circuit arrangements is given to indicate 
heir operation. 


(4.2) Punched-Tape Apparatus 
4.2.1) Tape Reader. 


The special requirements of a tape reader for this application, 
ot normally met with in telegraph working, are that it shall be 
sapable of passing and reading tape in either direction, and that 
t shall deliver its output over five separate wires instead of 
equentially over a single wire. Since no suitable reader was 
wailable, it was necessary to devise modifications to an existing 
nattern. In this instrument, which is of the start-stop pattern, 
he tape is fed by a pin wheel indexed by a pawl and rachet 
wheel, the pawl being operated from a cam on the driven member 
of the start-stop clutch. Instead it was found possible to provide 
two pawls to operate the square-toothed ratchet wheel in alter- 
native directions. Either pawl is engaged, and the other dis- 
engaged, by a solenoid. As the reader was already fitted with 
five pairs of contacts operated from the peckers, it was a fairly 
simple matter to separate them to give 5-wire output, and 
opportunity was taken to readjust the timing of the peckers, so 
that signals of 50millisec duration are obtained contemporane- 
ously in place of 20 millisec sequentially. 


(4.2.2) Tape Code. 


As mentioned above, each step taken by a tape reader corre- 
sponds with a discrete movement of the associated jacking 
station, which may or may not take place according as there is, 
or is not, a perforation in the tape. 

_ The five tracks on the tape are used as follows: 


Track 1 lower wall—moving out (away from the centre-line of the 
tunnel). 

Track 2 lower wall—in. 

Track 3 used on eight readers only, for supersonic diffuser stations. 

Track 4 upper wall—in. 

Track 5 upper wall—out. 


Nearly all the perforations lie in tracks 2 and 4 (not considering 
grack 3); tracks 1 and 5 are used in comparatively rare cases 
where particular jacks are required to retract whilst the others 
are extending. When it is required to lower the Mach number, 
the tapes pass through the readers in the reverse direction, and 
the functions of tracks 1 and 2 and tracks 4 and S are interchanged 
y a reversing relay. 

Preparation of the tapes has been carried out by staff of the 
Ministry of Supply, making use of a digital computer to perform 
the calculation and automatically to punch the tape. 


4.2.3) Tape Winders. 

For each tape reader two winders are provided for coiling up 
dhe 150ft length of tape and maintaining a tension of about 
© 2(wt) on it as it passes through the reader. The winder com- 
prises a shaft carrying the tape spool, and an aluminium disc 
jieven as a Ferraris motor. The jerky motion of the tape 
wc-asioned by the reader is cushioned against the inertia of the 
=) 2 spools by a lightly-sprung jockey pulley, and excessive run-in 
a@eds are prevented by a permanent-magnet drag on the alu- 
a-iium disc. Unwinding of the tape when the driving magnets 
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are de-energized is prevented by a spring-actuated electromag- 
netically-withheld friction brake. 


(4.2.4) Tape Material. 


In carrying out a large number of trials to prove the perfor- 
mance of the modified tape reader, opportunity was taken to 
assess the relative performance of a number of materials for use 
as tapes from the point of view of repeated use, and also for 
punchability. Different grades of paper, impregnated fabrics 
and plastic sheet were tried. Parchment paper, 0-005 in thick, 
already in service as long-life telegraph tape, was considered 
most suitable; it is readily available and capable of withstanding 
some 2000 passes through the readers. One material was 
discovered with substantially better performance, i.e. Terylene 
sheet—but it was not then readily available. 


(4.3) Jack Control Unit 


The jack control unit consists of two parts—the pilot lead- 
screw, which sets up the required position for the jacking station 
and actuates the hydraulic valve, and the impulse receiving unit, 
which responds to the perforations on the control tape and 
rotates the pilot nut. For the purposes of clarity these will be 
dealt with separately. 


(4.3.1) Impulse Receiving Unit. 


In the early conception of the scheme it was proposed to drive 
the pilot nut stepwise, by the use of solenoid-operated ratchets, 
and an experiment was carried out employing the motor of a 
‘both-ways selector’. This was found to be unsuitable for 
driving a load with appreciable inertia, because this type of 
ratchet is not self-locking and there is a tendency for over- 
shooting to occur. An arrangement involving two self-locking 
ratchets (uniselector motors) driving the nut through a differential 
gear was then tried, with more satisfactory results. However, 
the margin of torque available was not adequate to establish 
confidence, in face of the various possibilities of increased 
friction which might occur during protracted service. The 
development of a larger ratchet motor appeared likely to involve 
a number of unknown factors, and instead, attention was given 
to a mechanical drive, intermittently clutched. In the apparatus 
as developed, shown in outline in Fig. 5, an input shaft, con- 
tinuously rotated by a 4-pole 50c/s induction motor, is geared to 
two single-revolution clutches of the type employed in start-stop 
telegraph apparatus. The driven members drive the output 
shaft through worm reduction gears and are compounded by a 
differential. Thus an impulse of 50 millisec duration applied to 
either clutch magnet results in a rotation of the output shaft of 
3-6° in the appropriate direction. The clutches and gearing are 
housed in an oil-tight aluminium casing, and are lubricated by a 
small pump on the motor shaft. The output shaft is fitted with 
a castellated coupling by which it may be presented to the 
pilot-nut gear-box to give the correct datum setting. To facilitate 
the setting-up process, it has been arranged that the unit can be 
stepped by hand; for this purpose either clutch can be released 
mechanically by one of two push rods passing through the 
aluminium casing, the motor being hand-wound to complete the 
action. 


(4.3.2) The Pilot Lead-Screw and Gearbox. 


At each working-section jacking station the two screw jacks 
are driven by a hydraulic motor from a common constant- 
pressure oil feed, and their movement is controlled by a hydraulic- 
sensitive valve. Full speed is obtained by displacing the piston 
of the sensitive valve by 0-000 5in in either direction. 

Referring to Fig. 3, the precision lead-screw is mounted along- 
side each screw-jack pair, and being strain-free it acts as a 
master position-fixing element to which the screw jacks become 
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Fig. 5.—Impulse receiving unit and pilot lead-screw. 


slaves. The foot of the lead-screw is attached by a ball-and- 
socket joint to one end of the transverse stiffener behind the plate, 
in line with the feet of the screw jacks; and the gear-box is fixed 
to an extension of the substantial beam-supporting screw jacks, 
so that the nut is on the same line as the trunnion axis on which 
the jacking system is supported. Thus the obliquity of the pilot 
screw very nearly follows that taken up by the screw jacks, but 
there is a slight discrepancy resulting from the fact that the foot 
axis of the lead-screw is 6in farther from the surface of the plate 
than that of the screw jack. This needs to be taken into account 
in preparing the control data. 

As the pilot nut is rotated by the impulse receiving unit and 
advances along the lead-screw, it moves with respect to the 
gear-box housing and displaces the piston of the hydraulic- 
sensitive valve by the same amount, via a 1:1 lever (shown 
more clearly in Fig. 5). 

For jacking stations 2-22, which are at the upstream end 
around the supersonic throat, the pitch of the pilot screws is 
4 threads per inch and the size of the steps is 0:0025in; for 
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jacking stations 23-31, where the total movement is less and the 
desirable degree of precision is greater, 8 threads per inch 
lead-screws are fitted, giving steps of 0-001 25in. The accuracy, 
of settling of the screw jacks with respect to the lead-screws is 
better than +0-001in, and the speed of following is such that 
when impulses are supplied at the maximum rate of 6:5 per 
second, the screw jacks are never more than two steps behind. 

The pilot lead-screws range in length between 92-5 and 59:Sin 
overall, with threaded portions from 38-5 to 7-Oin, and have 
an accuracy of thread-cutting of +0-001 in per foot (cumulative). 
The bronze nuts have been individually fitted, and the amount 
of backlash found between them and the screws at any part of 
the thread does not exceed 0:0005in. The nut, driven by a spur’ 
wheel, is borne in a cage supported in the forked end of the 
output lever. An extension of the pivot shaft of this lever enters 
and actuates the hydraulic-sensitive valve, and the lever itself 
operates a dial micrometer, which, at any instant, shows theerrot 
in following between the screw jacks and the pilot lead-screw. I 
also actuates one of two limit switches should the error exceed a 
set amount. 


(4.4) Monitoring System 
(4.4.1) Duplication for Safety. 

In order that any error in the operation of a jacking statior 
may not pass undetected, duplication of essential apparatus 
provides a means for checking the correct performance of eact 
step. For each station, a second tape reader is fed with identically; 
punched tape and it operates two monitoring units (one for eack} 
wall) which are located in the equipment room. The monito1, 
has two main functions—it displays the net number of impulses 
received on a 5-digit counter, thus showing the position the pilo’ 
nut should have reached, and secondly it checks that the impuls«| 
receiving unit in the tunnel has responded correctly. This check) 
is carried out continuously by cam-operated contacts fitted tc) 
both units co-operating in a circuit, a simplified version of whict) 
is shown in Fig. 6. These cam sets are rotated through 1/20 revo 


CONTACTS 
Oo ON RESET RELAY 


iH» Paar 


S| 


CAM CONTACTS CAM CONTACTS 


ON IR.U. ON MONITOR 

i 
} 
tH —- Se iy 
CONTACTS ) 
STATION OPERATED | 
FAULT BY OTHER Y 
RELAY TYPES OF 

FAULT 


Fig. 6.—Simplified circuit for misalignment detection. 


lution for each step taken by their respective actuators, and eacl| 
have four S-lobe cams with dwells covering single step position 
and five single-lobe cams with dwells covering four adjacen. 
steps. Each cam operates two normally open pairs of contacts: 
which*are, in fact, relay spring sets. It will be apparent fror’ 
Fig. 6 that, provided that the two units remain in step, there i) 
always a path to keep the misalignment relay energized. How! 
ever, if the units fall out of step in either direction this path j 
broken, the relay releases and prevents further automatic opere). 
tion until the defaulting unit has been corrected. Actually th 
impulse receiving unit and the monitor do not move exactl 
together, because of the different designs of their actuatin 
mechanisms; the misalignment relay is therefore slugged t> 
delay its release by 150 millisec, in order to cover the momentar » 
breaks in current as each step is made. ' 


S 
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(4.4.2) The Monitor. 


Development of the monitor arose out of the need for a count- 
ing device which could be stepped forwards or backwards by the 
application of electrical impulses—no suitable article appeared 
to be available at the time. Fig. 7 is an explanatory diagram of 
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Fig. 7.—Diagrammatic arrangement of monitor. 


|the general arrangement. The actuating magnets (one for each 
| direction) are a proprietary pattern in which the linear pull on the 
armature is converted into a rotary movement by the action of 
balls running on aramp. This mixed linear and rotary motion 
of the armature, resulting from the application of an electrical 
‘apulse, is used to engage a ratchet-toothed clutch and turn the 
main shaft through 18°. The shaft is then held in the new 
|position by a roller detenting in a 20-toothed star wheel, whilst 
ithe armature retracts at the end of the impulse under the influence 
\of a spiral spring. The main shaft carries the nine cams which 
(perform the monitoring function, and through a 2: 1 spur gear 
idrives a 5-digit cyclometer-type counter. 


(4.5) Automatic Setting of Flexible Walls 
4.5.1) Mach Number Selection. 

When it is desired to alter the air speed in the supersonic 
wange, the operator selects the new Mach number on a 3-decade 
switch on the control desk and sets the automatic system in 
operation by pressing a start button. The Mach number reached 
wy the system at any instant is recorded by a specially punched 
ape fed through a tape reader in step with the control tapes. 
This reader operates three Mach number counters, one for units, 
yone for tenths and one for hundredths, and the Mach number is 
displayed as a 3-digit number on the control desk. The Mach 
number counters are basically similar to the monitors already 
escribed in Section 4.4.2. Fig. 8 illustrates the punching code 
ised for these special tapes. When the tape is being indexed 
orward (Mach number increasing), the presence of a perforation 


Fig. 8.—Tapes for Mach number control. 
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in track 1 causes the counter for hundredths to step up one; 
the presence of perforation in tracks 1 and 3 together causes the 
counter for tenths to step up one as well; and similarly perfora- 
tions in tracks 1, 3 and 4 cause all three counters to operate, e.g. 
for a change from 1:99 to 2:00. When the tape is travelling 
in the reverse direction, reading is initiated by perforations 
in track 2 instead of track 1, and a similar action ensues. How- 
ever, should the action be stopped by depression of the operator’s 
stop button between denoted Mach numbers, and then restarted 
in the reverse direction, the last number read from the tape must 
not be read again. This is circumvented by the punching of 
perforations in tracks 4 and 5 immediately before and after every 
even number, and in tracks 3 and 5 before and after every odd 
number. Cam-operated contacts fitted to the hundredths 
counter detect whether the last number read was odd or even, 
and it is arranged that the counters ignore a set of perforations 
which may specify a number of the same sort. To prevent 
errors arising in the reading of the Mach number tapes, two tapes 
are provided and the units are duplicated; the three counter units 
are separately checked by their counterparts in a manner similar 
to that employed for jacking stations. 


(4.5.2) Initiation of Automatic Action. 


The three selector switches, in conjunction with the position 
of the cam-operated contacts of the counter units, determine 
whether the selected Mach number is greater or less than that 
recorded from the tapes, and if it is less the reversing solenoids 
of all the tape readers and the impulse interchange relays become 
energized. A simplified circuit diagram is given in Fig. 9, where 
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Fig. 9.—Simplified circuit—Mach number selection. 


the three counters are shown reading 1-59 whilst the selector 
switch is set for 2:58; ie. for the units the required value is 
greater, for hundredths less, and for the tenths equal. It will be 
observed that the interconnection between the switch banks and 
the cam contacts of the counters joins the common connections of 
the latter to the A wafer of the corresponding switch if the 
required digit is the greater, to the B wafer if it is less, and to the 
C wafer when coincident. If there is not coincidence in the most 
significant digit, relay F will be energized from the A wafer, or 
relay R from the B wafer. However, when there is coincidence, 
a circuit is made via the C wafer to the next digit, etc. Thus 
relay F is operated whenever the required Mach number is 
greater than the existing, and it prepares the control system for 
operation to increase the Mach number on subsequent operation 
of the start button. When the tapes have advanced far enough 
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to give parity for all three digits, relay F becomes de-energized 
and relay N is operated to show that the required Mach number 
has been reached. However, if the stop button is operated 
before this, relay F becomes released but relay N will not be 
operated. Similarly operation of relay R would prepare the 
system for reduction of Mach number. Should the operator, 
having started the system, change his plans and select a different 
Mach number, the system will proceed to the new Mach number 
provided that it does not involve reversal of the tape readers. 
If it does, it is momentarily equivalent to the selected Mach 
number having been reached, and the system will automatically 
stop; a second depression of the start button must then be made. 
In addition to the stop button which halts the action of the 
control system alone, emergency stop buttons are provided on 
the control desk, in the equipment room and in the tunnel (for 
use during testing), which not only stop the electrical control 
system but also release hydraulic pressure from the jack motors. 


(4.6) Manual Adjustment System 
(4.6.1) Manually Inserted Impulses. 


In order to provide the required facility for varying slightly the 
profile of the flexible plates by hand, a series of spring-centred 
telephone keys is situated at the right-hand end of the control 
desk. These only become operative when an auto/manual 
change-over switch has been set in the appropriate position. 
Then, whilst a key is operated, a train of impulses may be injected 
into the corresponding jacking station, its monitor, and its 
‘manually added ordinate indicator’ displayed above the key, 
the effective direction of the injected impulses being determined 
by whether the key is moved up or down. For convenience, the 
impulse rate is reduced to 3-25 pulses/sec, and the impulses 
originate from the pulsator which is set in motion by the operation 
of the auto/manual switch. The circuit arrangement shown in 
Fig. 10 has been adopted in order to ensure that impulses are 
not clipped either at operation or release of the keys. Setting 
the auto/manual switch to the manual position energizes a 
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Fig. 10.—Simplified circuit—manual_impulse injection. 
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number of contacts on the pulsator, QCl, QC2, QC3 and OCT. | 
(referring to a given station), which give impulses of 50 millisec 
duration. On depressing the key, to produce an outward move- 
ment of the jacking station, relay YB is energized, but only 
when contact QC7 is in the back position, and this relay then 
holds over its contacts YB6 so long as the key is kept closed. 
When the key is re-opened the relay remains energized so long 
as contact QC7 is in the process of delivering an impulse over its | 
front contacts. During the period the key has been closed, a 
succession of impulses will have been delivered via contacts QC2, | 
QC3 and QCl, and relay contacts YB1, YB2 and YB7, to the 
‘out’ magnet of the monitor, the impulse receiving unit and to! 
the pecker withdrawal magnet of the manually-added ordinate | 
indicator (see Section 4.6.2). This causes the display band and’ 
control tape to move in the required direction, by virtue of. 
contact MC1 and the relay contacts YB3. Should the ordinate 
indicator reach its limit of 50 steps (or 100, in the case of the} 
stations with 8 threads per inch lead-screws) the limit relay YM 
prevents further impulses being supplied in that direction by 
the de-energizing relay YB. Relay YB, and the corresponding/ 
relay YA for inward motion, are electrically interlocked to prevent} 
both being operated at the same time should the manual insertion . 
key suddenly be thrown across. 


(4.6.2) Manually Added Ordinate Indicator. 


The unusual design of the manually-added ordinate indicator,) 
shown in Fig. 11, arose from the expressed desire of the users} 
of the tunnel to have a display in the form of a band, half yellow) 
and half black, moving vertically against a scale marked in steps. 
Moving in step with this band, there is a perforated tape from) 
which a set of peckers obtain revertive signals for checking the} 
correct operation of the indicator, and also for operating the} 
limit relays YL and YM mentioned above. The ordinate) 
indicators are of two patterns according to whether they are} 
used for stations with pilot screws having 8 or 4 threads per inch. 
For the former the display band moves 0-05in per step and foil 
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Fig. 11.—Manually added ordinate indicator. 


the latter 0:1in per step, so that in either case the displayed 
‘movements are proportional to actual jack movements. In both 
‘patterns the monitoring tapes move 0-1 in per step, i.e. by one 
tow of perforations. The motor of a both-ways selector is 
‘used to index both the display band and the monitoring tape, by 
pin wheels of differing sizes. The revertive signals are obtained 
from four relay spring sets, separately actuated by cranked levers, 
which at their other end seek the perforations. A solenoid can 
‘raise all the levers clear of the tape, prior to operation of the tape- 
shifting magnets. 


(4.6.3) Checking of Ordinate Indication. 
Testing for the correctness of the operation of each manually- 
added ordinate indicator is of importance on two counts: 


(i) If manual adjustment has been made to a station, and subse- 
quently is not completely removed, although the ordinate indicator 
purported to show that it had been (and if this were to happen 
vepeatedly), it would result in the corresponding jack wandering 
‘rom its tabulated extension. : 

(ii) Use will be made of the manual facility to reduce, by experi- 
ment, minor irregularities in air flow in the neighbourhood of the 
‘nodel. Correct display of the amount of manual insertion will 
therefore be valuable, and from it more refined data for automatic 
»peration can be developed. 
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The operation of the ordinate indicators is therefore checked 
with the monitors step by step, and the manner by which this is 
accomplished differs from that previously described, because 
manual operation can be brought into action with quite arbitrary 
relative positions of the two units. The circuit arrangement is 
shown in Fig. 12. Revertive impulses from two of the pecker 
contacts operate the relays YN and YO alternately as the 
indicator moves. These relays co-operate with two cam-operated 
contacts K1 and K2 of the monitor, which likewise close alter- 
nately to actuate the four double-coil relays YP, YQ, YR and 
YS. When the auto/manual switch is moved to the manual 
position, two of these four relays will be energized and will 
remain so, through their second coils and their own contacts. 
Thus, if both units are resting on odd, or both on even, positions 
YP and YS will operate, or if one is at an odd and the other at an 
even position YQ and YR will operate. During the subsequent 
manually-injected impulses, if both units step together this con- 
dition will persist, but if either unit fails to make a step a third 
one of the four relays will become energized. This results in a 
break in the holding circuit for the detection circuit YD, which 
signals the fault to the central fault-location array. A contact 
YD4 meanwhile by-passes the auto/manual switch until the fault 
has been rectified, as otherwise the relays could be reset by moving 
the switch. 


(4.7) Fault Location and Correction 


The 60 fault-detection relays mentioned in Section 4.4.1 must 
all be in the energized condition for the control system to continue 
functioning. Ifa misalignment occurs on any station, the corre- 
sponding relay is released and so prevents the pulsator from 
delivering further impulses to all circuits; also the power supplies 
to the motors driving the tape readers and the impulse receiving 
units are interrupted. The erring unit has to be found and 
rectified before the system can be restarted, and a centralized 
testing equipment for facilitating this is provided in the equip- 
ment room. The release of one of the relays lights a fault lamp 
associated with the station, and also energizes a contact on 
the bank of a uniselector. Upon depression of a switch, the 
wipers of the uniselector seek and find the faulting station (or 
one of them if there are more than one), and connect the circuits 
of the detection apparatus into the station circuits. The step 
positions of the impulse receiving unit and its monitor are then 
indicated on two rows of 20 lamps, making use of the second set 
of contacts operated by the cam sets on either unit. As shown 
in Fig. 13 these contacts are connected to give the effect of a 
single-pole 4-way and single-pole 5-way switch, the ways being 
connected by a multiple of nine wires, there being one multiple 
around the monitors and another around the impulse receiving 
units. Selection of the station by the uniselectors energizes the 
common cam contact on the particular station and hence two 
wires of each multiple, according to the existing state of the cams. 
Thus, via relays, the position of the cams of either unit is dis- 
played within the range of 20 steps. Having discovered a 
misalignment, its location needs to be determined—one unit may 
have failed to make a step, the other unit may have taken a step 
when it should not. The lamps indicate the relative position of 
the impulse receiving unit to its monitor, but alone do not show 
which is incorrect. However, the position of the monitor may 
be checked from the reading of the 5-digit counter, which may 
be compared against a tabulated list. To enable this to be done, 
a ‘step counter’ is provided to show which row of the tapes is 
being read. This instrument is of the same design as the monitor 
unit, and is driven directly from the pulsator in step with the tape 
readers. It is now possible to correct the unit which is out of 
step by applying one or more impulses to operate it in the 
required direction, and when this has been done the automatic 
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operation of the system can be restarted, provided that the other 
stations are also free from faults. The circumstances of the 
occurrence of a fault may give useful evidence as to its location. 
Thus a tape reader, failing to index its tape, results in faults on 
upper and lower jacking stations simultaneously (or sequentially 
if the tape punching differs). On the other hand, if the motor 
driving a pair of tape readers should stop, faults will occur on 
two adjacent pairs of stations. 
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Fig. 12.—Simplified circuit—checking of ordinate indication. 
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Fig. 13.—Simplified circuit—position indication. 
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(4.7.1) Major and Minor Faults. 


The type of fault discussed above is considered as a ‘minor 
fault’, since it can be rectified and operation of the control system | 
resumed without the need for opening and entering the tunnel 
pressure shell. Occurrences of a nature which cannot be rectified + 
in this way, and in particular those which might endanger the |) 
safety of the flexible plate through over-stressing, are treated as }} 
‘major faults’, and safety circuits have been provided so that the |) 

hydraulic-pump motors are tripped as well as § 
stopping the further action of the tape impulsing. 
Major faults include the following: 


(a) A hydraulic servo mechanism failing to re- 
spond to its mechanical input, or ‘running away’. '\ 
This is detected by limit switches operated by the ' 
output lever of the impulse receiving unit, set to } 
operate when a discrepancy corresponding to ten } 
steps has been reached. . 

(6) The unlikely, but possible, ‘running away’ of ) 
an impulse receiving unit owing to its clutch remain- | 
ing in engagement. This is detected by the continu- | 
ance of signal impulses from the driven shaft after } 
the corresponding fault-detection relay had been § 


ne released. For this purpose, two special pairs of break § 
contacts are fitted to the cam set, and the interlocking | 
circuit is arranged so that power supply to the 7 
YD impulse receiving unit motors is not cut off before % 
they will have made at least four complete revo- | 
lutions. \ 
(c) Excessive strain in the plate at any jacking | 
station. Curvature of the plate adjacent to every 7 
jacking station is measured by an inductive-pattern 
transducer, and displayed on individual indicating § 
instruments on the main control desk. Excessive | 
displacement of any transducer actuates a relay [| 
which initiates a ‘major fault’ warning. Because of } 
the crucial importance of this apparatus as the ulti- } 
mate measure of the safety of the flexible plates, = 
auxiliary equipment is fitted, i.e. a routiner, which 
tests the correct operation of each curvature gauge | 
and interlock circuit, in turn continuously, whilst | 
the tunnel is being used. 
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(4.8) The Pulsator (5) THE SUPERSONIC DIFFUSER 


The primary impulse machine, or pulsator, has two main The supersonic-diffuser throat, which lies immediately down- 
functions: (i) in automatic operation to provide the start impulses Stream from the model, has fixed floor and roof. Between these 
to each tape reader, and (ii) in manual operation to provide a __ the side walls (each consisting of five flat panels hinged together) 
series of impulses as required to operate each jacking station. Slide, under the influence of three 150-ton screw jacks, near the 
The pulsator comprises three parts indicated schematically in intermediate hinge points. There is a fourth jacking station on 
Fig. 14. A rotating part driven by a 3-phase induction motor ¢ither side which acts substantially between the second and third 
moving panels to prise openings through which air may re-enter 
the circuit after by-passing the working section (it has left the 
main circuit by a number of orifices around the contraction 
fairing). This facility is required when the tunnel is operated 
at high air speeds because there would not otherwise be a sufficient 
mass of air flowing to permit the main compressors to continue 
working without risk of surging. Automatic adjustment of the 
supersonic diffuser in correspondence with that of the working- 
section throat is arranged by punched-tape control, making use 
of the spare tracks on eight of the existing tapes. Owing to the 
considerably lower degree of positional accuracy demanded, it 
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Fig. 14.—Diagrammatic arrangement of pulsator. in Fig. 15. For each station the required position is set up by 


rotation of a Magslip coincidence transmitter in the equipment 
carries two electromagnetically released dog clutches, one con- room. This is geared to the shaft of a modified monitor (‘main 
trolling a shaft operating 64 sets of cam-operated contacts, PC, control unit’), operated from the tape reader, so that each impulse 
for automatic operation, and the other a shaft with 60 sets of received rotates the Magslip rotor by 0:18°, corresponding to a 
contacts, QC, for manual injection. The former rotates (when demanded jack motion of 0:005in, and the demanded motion is 
its clutch is engaged) at 390r.p.m., so that the PC contacts give displayed on a 4-digit counter to the nearest 0:Olin. A 
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Fig. 15.—Schematic of control system for supersonic diffuser. 


‘impulses of 50 millisec duration at a rate of 6-5 per second. This co-operating Magslip transmitter is geared to the hydraulic 
is slightly slower than the speed of rotation of the tape readers, so motor driving the jack, and associated with it is another counter 
that the latter are able to complete their action before receipt of for use during setting-up. The output signal is fed to a magnetic 
the next start impulse. The manual control shaft rotates at half amplifier which energizes one of two signal relays whenever the 
-sneed to enable the number of steps manually injected to be the relative Magslip misalignment exceeds 1-6° and an alarm relay 
tore nicely judged. There is an additional facility for running should the misalignment reach 15° in either sense. The signal 
the system automatically at half speed, which may be useful in relays operate repeater relays, which, in turn, energize solenoid- 
order to keep the tunnel functional in an emergency caused by operated valves (under the overriding control of limit switches in 
partial failure of the hydraulic supply. This is provided by the the tunnel) to admit oil to the jack motor. 
-vepeated actuation of the PC clutch on a start-stop basis from Because identically punched tapes are employed for the auto- 
'a contact operated by a cam on the constantly rotating shaft. matic control of corresponding starboard and port stations, the 
| Faus impulses are provided to the tape readers at the reduced two main control units are made to monitor each other, and fault 
© te without their duration being lengthened. indication and correction circuits are arranged as for the working 
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section, Manual control of the diffuser may be required either 
to adjust the constriction to improve pressure recovery, in which 
case both walls will be moved equally, or to counteract skewing 
of the air stream by reaction from the model when it will be 
necessary to provide a differential movement. For the first, two 
follow-through Magslip transmitters are inserted between the 
transmitter and coincidence transmitter, one for the starboard 
station and the other for the port. For the second, another 
follow-through transmitter is fitted for the port side only. In 
either case, manual control is effected by rotating appropriate 
Magslips by miniature 2-speed reversible motors operated from 
the control desk. Manual control is available at any time, and 
in order that the combination of demanded speed from the two 
manual controls and automatic operation shall not exceed the 
available speed of the jack motor, an interconnection of relays 
is arranged automatically to reduce the manual-control motors 
to half speed, or to stop them, when necessary. The speeds 
concerned are as follows: 


Maximum available rate of jacks: 2:0 in/min. 
Maximum automatic demand rate: 0-9 in/min. 
Manual control rate, full speed: 1-8 in/min. 
Manual control rate, half speed: 0-9 in/min. 


The circuits for controlling the by-pass door jacks do not 
materially differ from those for the wall-panel jacks, but an over- 
riding circuit is provided whereby depression of the anti-surge 
button will always set the normal solenoid valves to open the 
doors. At the same time an extra valve is opened, and further 
pumps are started, in order to hasten the action. For testing 
or setting-up purposes individual jacking stations may be operated 
from inside the tunnel, by the use of a portable plug-in push- 
button controller. Indicators, in the form of Magslip receivers, 
are provided on the control desk to show the amounts of move- 
ment manually introduced. 


(6) LAYOUT, INSTALLATION AND TESTING 


Of the considerable quantity of equipment involved, only the 
essential controls and indications for operating the system are 
mounted on the main control desk. The main part (excepting, 
of course, the pilot screw units) is housed in an adjacent equip- 
ment room and is arranged on racks of the telephone repeater 
pattern. In general, there is one bay to hold the equipment for 
each pair of jacking stations, but care has been taken in arranging 
the circuits that no foreseeable failure of a piece of apparatus 
will affect both a controlled unit and its monitor. To facilitate 
the maintenance of the rack-mounted equipment, a portable test 
unit has been provided, which may be connected to any rack 
by flexible connectors. The unit contains the essential com- 
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Mr. P. T. Fletcher: During the war, wind-tunnel facilities in 
this country were limited to about 4000h.p., mainly for subsonic 
flow. In 1944 the Government proposed to expand our aero- 
nautical research facilities by including a new national aero- 
nautical research establishment. A search was made for a 
suitable site based on the availability of power. The Highlands 
were considered, with pumped storage, but after examining all 
the conditions, such as access and load factor, a site was chosen 
north of Bedford where 200000h.p. could be supplied from the 
Grid. 

In 1945, a British technical mission was allowed to examine 
aeronautical research facilities in the United States. These had 
been expanded rapidly and included a whole range of subsonic, 
high-subsonic and supersonic wind tunnels, an engine-testing 
wind tunnel and altitude test beds for piston engines. Large 


BARNES AND DUNHAM: AUTOMATIC SETTING OF THE FLEXIBLE WALLS OF A LARGE WIND TUNNEL 


ponents of a jacking station—principally, an impulse receiving |" 
unit and a manually added ordinate indicator, and means for) 
operating and thereby testing all the normal functions of each J§ 
rack in turn. 


(7) OPERATING EXPERIENCE 


Operation of the tunnel for calibrating purposes, model |) 
testing and the commissioning of auxiliary equipment has been 
taking place during the past six months. Consequently, suffi- 
cient experience has been gained for some conclusions to be} 
drawn as to the suitability and effectiveness of the nozzle control % 
system. These relate to two main features: 

First, mention may be made of the difficulty in calculating | 
aerodynamic nozzle shapes, which, at the same time, result in| 
the minimum stressing of the flexible plates. In fact, the initial | 
set of punched tapes produced nozzle shapes involving relatively |) 
high stresses. A combination of further calculation with the | 
use of the manual adjustment system (Section 4.6) enabled the | 
information for a final set of tapes to be made available in a | 
very short time. 

Secondly, the checking circuits and other safety features incor- § 
porated in the system have shown good indications of reliability. ¥ 
It was a matter of some concern whether, with the multiplicity | 
of individual circuits required for the simultaneous monitoring @ 
of all the equipment, there would be an excessive rate of fault | 
occurrence. Such a situation would, of course, result in an 4% 
undue waste of tunnel operating time, besides being a source of } 
annoyance to the operating staff. However, the number of ) 
transient faults has beew remarkably few, and in no instance has | 
a fault of any kind occurred without its nature being revealed 
on the fault-indication panel. I 

The most frequently occurring cause of ‘minor faults’ has § 
been the failure of one of the tape readers to index forward its | 
tape; in general, this has been rectified by readjustment of the 
mechanism. As experience in making the adjustment is gained, } 
this particular difficulty should be mastered, and the whole } 
equipment should then be largely trouble-free. 
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American subsonic wind tunnels were in the range of 16000- 
40000h.p. and the most common choice of plant was modified 
Kramer, with speeds down to 320r.p.m. at 40000 shaft-horse- ~ 
power, with about 3000h.p. per motor pole. 

For high-subsonic and near-transonic tunnels, induction motors 
were being used for the main power component of the drive, — 
coupled to d.c. motors with Ward Leonard control. A total 
power of 12000h.p. at 570r.p.m. with 3:1a.c./d.c. sharing was 
typical. For supersonic tunnels and _ large engine-testing 
installations, induction motors were up to 30000 shaft-horse- 
power per motor and speed control by rotor regulation was used. _ 
Liquid regulators were temperature controlled, with attention to _ 
mechanical stability. 

Commercially there was little difference in cost between the 
Kramer and mixed a.c./d.c. drives. A serious attempt was being 


Me ep ee 3 


DISCUSSION ON FOUR PAPERS ON WIND TUNNELS 


made to lower costs by adopting synchronous motors driving 
through eddy-current couplings. Two examples were of 12000 
and 7000h.p. each at 740r.p.m. The control characteristics 
appeared to be very good, since both electrical and mechanical 
inertias were low. Prices appeared to be about half those of 
other drives. 

The large R.A.E. wind tunnel uses a variation of the composite 
a.c./d.c. drive. I should like to know whether the authors now 
regard a d.c. component regulated in speed by a voltage- 
comparison method as the optimum choice. 

I should like to compliment the authors on the ingenuity both 
in conception and in execution of the variable-nozzle system. 
The alternatives of a removable nozzle block, a sliding nozzle 
block or flexible walls pressed against templates, all of 
which have been tried in other installations, are far from elegant. 
However, they had to introduce electrical complications, and I 
should like to know whether the short time required to set up 
the nozzles initially by repunching tapes has justified the 
apparent complication. 

At the end of the war this country took possession of a number 
of German aeronautical research facilities and so obtained some 
electrical power plant of obvious capital value and potential 
usefulness. While the survey which the authors have given 
quotes examples of the work of almost every major manu- 
facturer of electrical plant in this country, it also includes some 
examples of ex-German machines which were virtually new 
when taken over. Among these are the 6000h.p. d.c. motors 
of 600r.p.m., the 3ft x 3ft wind tunnel and d.c. machines of 
tne Ward Leonard loops of the 8 ft tunnel at the R.A.E. Bedford. 
These machines, which came from the Hermann Goering Aero- 
nautical Research Establishment near Brunswick, were installed 
in the United Kingdom by British firms. 

Mr. A. Asbury: With reference to Paper No. 2501 U, it is 
difficult to get a conception of the accuracy of 0:02% achieved. 
If a watch had this accuracy, however, it would only have an 
error of 17sec a day. 

Another point of interest in the speed control is that the ‘tail’ 
is arranged to wag the ‘dog’. A further reason for this is that 
the system chosen allows use of the gas-turbine output in a 
manner which does not conflict at steady state with the control 
by the d.c. machines. 

The top step of the pattern of Fig. 10 gives the maximum rate 
of charge of fuel allowable, and the component which supplies 
the bulk of this has a large dead band around zero error which 
prevents it from affecting the cross-over point. The small step 
provides a fuel-increase rate which is small enough to prevent 
unwanted torque swings when near zero error. Since this com- 
ponent is directly derived from the direct machine current it 
cannot interfere with the speed required by the control system. 

Egn. (12) uses the fact that the torque constant is equal to 
0-74k, lb-ft per ampere. The figure of 0-74 arises from our 
peculiar unit system and is, in fact, the ratio 550/746. One 
advantage of using the M.K.S. system is that this constant 
becomes unity. 

In large equipment of this kind, maximum utilization is only 
secured when the data obtained from experiments are in a form 
which enables them to be fed directly into a digital computer. 
Results can then be obtained while the model is still in the tunnel 
tc check that adequate ranges of parameters have been employed. 

Mr. J. F. M. Scholes: These remarks refer to Paper No. 
2=24U. Whether we be concerned with design, manufacture, 
iestallation or maintenance, many of us when confronted with a 
fir ished equipment must often wonder whether it could not have 
<2n done better another way. The basic concept for this system 
#18 laid down some six years ago, and there has been time for 
cv asiderable development in the data-handling field in the inter- 
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vening period. It is interesting to examine the concept used in 
the light of our further knowledge and experience. 

In this case a discrimination of one part in 16000 is necessary 
at each jacking station, and it is clear that a digital technique 
should be chosen. We have then to decide whether to use an 
incremental technique or a fully digital one. A fully digital 
system would require the storage of at least 14 million bits of 
information, while the present incremental system requires some 
4 million bits, including duplication for error detection. It 
would seem hard to justify a departure from the incremental 
system. 

Advantage could be gained, however, by making use of some 
new equipments that have become available. We should almost 
certainly still use punched or magnetic tape, but would probably 
make use of electronic reading methods. One of the short- 
comings of the present system is the speed of operation, and this 
could be multiplied manyfold, although a factor of two or three 
would be entirely adequate. 

Developments in multiple-track magnetic tape and _linear- 
coded scales may favour a fully digital system at some future 
date. I favour the existing system at present, although fully 
digital methods are used for all data recording in this and other 
tunnels at the R.A.E. Bedford. 

Mr. J. McTaggart: In Sections 9 and 10 of Paper No. 2501 U 
three methods are used to analyse the performance of the speed 
control system: 

(i) By inverse Nyquist frequency-response diagrams. 
(ii) By the solution of the operational equations. 
(iii) By setting up on an analogue computer. 

The first two methods are limited mainly to simple linear 
systems and are very tedious, several hours being required for 
the analysis of the system represented by Fig. 15. The same 
problem can be set up and solved on an analogue computer in 
8min. A range of additional conditions can be studied and 
recorded, as in Fig. 19, in a further 3min. Therefore, in view 
of the speed of an analogue computer it is surprising to find 
that the other methods of analysis were used when a computer 
was apparently available. 

The control system described uses transient feedback from the 
tachogenerator to stabilize the speed-control loop. The result- 
ing response is still rather oscillatory and has a pronounced 
oscillation with a period of about 5sec. Is this an acceptable 
response, or were additional feedback circuits included? The 
addition of transient feedback from motor current, for example, 
would practically eliminate the oscillation without increasing the 
response time. 

I do not agree with the argument at the end of Section 9.2, for 
the choice of the gain m,. First, regulation is not mentioned 
in the control requirements (Section 4) but rather the stability 
at virtually constant load, which is quite a different matter. 
Secondly, as the authors point out, the integral control eliminates 
the effects of regulation. I suggest that m, should be selected 
(i) to minimize the short-term disturbances caused by mains 
voltage and frequency variations and (ii) to stabilize the integral 
control loop, particularly where backlash may be present. 

Mr. T. Roberts: With reference to Mr. Scholes’s comments 
on incremental as against positional digital control, it is safe to 
say that incremental control is better in this case for two reasons. 
The wall itself moves from one position to another by going 
through a complete range of required positions. An indication 
is needed in the control room of the position of each jack, and 
use is made of this fact to incorporate a device to monitor the 
system. This is of the utmost importance, since there is a very 
high premium on reliability. 

With regard to the number of bits of information, or, in other 
terms, the length or width of tape or other medium which would 
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be used, it is of interest to reflect that 16000 holes, which repre- 
sents the total movement of one of the jacks, is approximately 
2'4. A little thought will show that it would need a great deal 
of tape to programme the movement of this jack on a truly 
digital position basis. 

Mr. J. M. Ferguson: With reference to Paper No. 2414 U, at 
the time the drive was designed it is true there was very little 
information on the breaking capacity of circuit-breakers for 
anything other than standard frequencies. Some data from the 
United States were available, which seem to have had very little 
published test information to support them. Since the paper was 
written, however, short-circuit tests have been made to check 
the rating of the circuit-breakers at 25 and 10c/s. These tests 
indicate that the American levels which were assumed are very 
conservative. 

Satisfactory interruption under short-circuit conditions was 
obtained at currents equal to the rated rupturing capacity of the 
circuit-breaker at standard frequency, with the recovery voltage 
reduced in proportion to the frequency. These results have now 
been obtained on both oil and air circuit-breakers. 

Mr. J. J. Thompson: I find it difficult to understand why such 
an expensive and complicated electrical drive system with 
variable-frequency supply from gas-turbine alternators should 
have been adopted for driving the wind tunnel. By far the most 
economical arrangement would have been direct drive of the 
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compressor from a geared steam turbine supplied from low- | 


water-content boilers of the Velox type. These would occupy 
little more space than the existing Ward Leonard set and could 
have been used for driving other tunnels. Quick starting 1s an 
inherent feature of boilers of this type, and the steam turbine 
could have been adapted to suit in this respect without undue 
difficulty. Ordinary double-helical parallel-shaft reduction 


gearing such as is used in marine practice would have served, | 


although epicyclic gears would probably have been more 
economical in cost and space. An installation of well-proven 
engineering equipment would have been preferable to one using 
gas turbines, which, in the present state of the art, require a 
great deal of expensive development work. The steam-turbine 


system would have avoided the cost of gas turbines and the I 
expensive building which houses them. I will not go into — 


unnecessary detail but merely point out that the speed control 
of a steam turbine would have satisfied all requirements in spite 
of the load changes expected on site. 

On a point of detail, the voltage-comparison method of speed 
control with its elaborate and delicate tachometer generator 
system is, in my opinion, hardly justified. The authors dismiss 
the use of a frequency-sensitive circuit by reason of ineffective- 
ness over the required speed range, in spite of the fact that single 


sweep control over the order of speed range required is fairly — 


commonplace. 


NORTH-WESTERN CENTRE, AT MANCHESTER, 7TH JANUARY, 1958* 


Mr. J. A. Fox: In wind-tunnel work particularly, many aspects 
of the mechanical engineer’s art have to be embraced by the 
electrical engineer. It is not sufficient for the mechanical 
engineer to design the shaft system to be free of mechanically 
inspired once-per-revolution oscillations in the drive operating 
range. It is also necessary to consider torsional excitations at 
these frequencies occurring in the operating speed range and 
emanating from the electrical side. 

The number of torsional modes are, in fact, dependent on the 
number of separate masses on the shaft. The frequencies are a 
function of the masses and torsional rigidity of the shafts 
coupling them. 

Since it is more convenient to have the drive motors outside 
the tunnel shell a long shaft is needed to provide connection to 
the compressor, and this arrangement tends to give a system 
which is not torsionally very rigid. 

The induction-motor drive when operating with unbalanced 
rotor current develops a non-uniform torque, analytically com- 
prising a positive uniform torque, a negative uniform torque and 
an oscillatory torque of twice the slip frequency. The amplitude 
of this oscillatory torque is dependent on the motor loading and 
degree of rotor-current unbalance and may be expressed as 


where 7, is the positive uniform torque and J is the rotor phase 
current. 

It is necessary to assess theoretically and verify by test the 
degree of amplification occurring at the critical torsional 
frequencies for values of rotor unbalance, so that adequate safe- 
guards can be provided to avoid dangerous oscillatory shear 
stresses in the drive. 

Personal experience with a 20000h.p. induction-motor wind- 
tunnel drive indicates that, while theoretical assessments of 
critical frequencies, exciting torque/rotor unbalance ratio and 
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shaft damping had been accurately predicted, the presence of 


greater magnetic damping has led, in practice, to a much smaller 


amplifying factor at resonance than that calculated. 


Owing to its similarity to the R.A.E. high-supersonic-speed 
tunnel I would like to have the authors’ comments on the extent | 


of their investigations; in particular, what is the first-node 
mode critical frequency, what amplification factor has been 


assigned to it; and, in general, what degree of electrical unbalance © 


is theoretically unacceptable and what electrical or mechanical 
safeguards have been applied ? 


Mr. J. E. Eastham: Brushless variable-speed induction motors | 
have been the subject of two recent papersf and are essentially | 


low-speed multipolar machines. This means that they can be 
made only in large sizes if the efficiency is to be high. 

The efficiency also depends on the demanded speed range, but 
a 2:1 range can be achieved without appreciable loss of effi- 
ciency in large machines. 


The provision of a variable-frequency supply seems to meet ° 


exactly the requirements both for flexible variable-speed working 
at large powers and for peak lopping, provided that the R.A.E. 
requires several large wind tunnels and can afford the necessarily 
large capital cost. 

However, if it is necessary to provide only a transonic tunnel 
of the type mentioned in Section 3.6 of Paper No. 2414 U using 
a composite drive, it may well be that a spherical brushless 
variable-speed induction motor could replace the slip-ring 
induction motor with considerable advantage. When designed 


to have a top speed of 485r.p.m. the rotor efficiency of the 
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spherical motor would be of the order of 80°, which is not — 


much better than the wound-rotor machine running at 28% slip. 
If gearing is tolerable, however, then, by making the top speed 


250r.p.m. and demanding a speed range of 2: 1, a rotor effi-- 


ciency of 90% could be achieved. In addition to the consider- 


able improvement in efficiency, the spherical machine has all the ' 


t WituiaMs, F. C., and Larruwarre, E. R.: ‘A Brushless Variable-S eed Induction 
Motor’, Proceedings I.E.E., Paper No. 1737 U, November, 1954 (102 re p. 203). ‘ 
WILLIAMS, F. C., LairHwarte, E. R., and Piccort, L. S.: ‘Brushless Variable-Speed 


Induction Motors’, Proceedings I.E.E., Paper No. 2097 U, June, 1956 (104 A, p. 102). 
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inherent advantages of a squirrel-cage motor. For example, 
there would be no brush-gear maintenance or torsional shaft 
oscillations due to rotor unbalance, and the temperature- 
controlled electrolytic resistance is eliminated. 

Dr. E. Friedlander: The effect of temperature variation of the 
resistivity on the liquid controllers used is observed also in 
winder drives, but it is not difficult to compensate for large 
variations in the resistivity. This frequency is not only caused 
by varying temperature but also by varying soda content. 
Automatic compensation for these variations has been success- 
fully introduced, and could possibly avoid the need for controlling 
the temperature of the electrolyte. 

The authors refer to the power factor at reduced speed being 
poor with induction-motor drives particularly on ‘non-cube law’ 
drives. Generally, the power factor of an induction motor is 
essentially a function of its torque, so that a motor required to be 
started from standstill with full-load torque has an almost con- 
stant and reasonably good power factor over the whole speed 
range. The power factor at low speed is reduced if the torque 
islow. Therefore, it would appear that the disadvantage of the 
induction motor refers rather to efficiency than to a poor power 
factor at reduced speed if by ‘non-cube-law’ drives the authors 
mean those in which a large torque is required at low speeds. 

A conceivable alternative to the modified Kramer system 
would be to use rectifiers either of the semi-conductor diode 
‘variety or mercury-arc rectifiers in the slip-ring circuit of the 
induction motor replacing the variable-frequency set. Would 
the authors propose to consider this in case of any future 
requirements of a similar kind? 

In certain circumstances it is envisaged to synchronize the 
main driving motors by asynchronous operation from a 10c/s 
supply. In a similar case for a.c. ship propulsion, it was found 
advantageous to rely for the starting and braking torques on the 
eddy currents in the solid pole shoes of the machine. It would 
be interesting to know whether a similar technique has been 
adopted in the case referred to by the authors. 

Mr. J. N. M. Legate: I believe that, in mercury-arc rectifier 
schemes, the power factor deteriorates as the firing point is 
retarded. Would any advantage be obtained by the use of 
tapped-anode supply transformers to enable less grid phase 
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shift to be used for reduced speed and/or load working for these 
applications ? 

I assume that tests are carried out at fairly steady speed and 
load conditions for some appreciable length of time, so that it 
might be possible to choose a suitably reduced anode voltage 
to enable a reasonable power factor to be obtained without 
unduly complicating the testing procedure. 

Prof. F. C. Williams: The authors have described several 
drive systems employing machines of different ratings in tandem, 
but have not discussed the possibility of interconnecting a 
pair of machines through a differential gear. In tunnels where 
the required drive torque falls as the speed falls, such an arrange- 
ment has some advantages. If the fan is driven by the difference 
speed between a synchronous machine and a variable-speed 
machine having equal top speeds, both machines experience the 
same torque, but it is a reverse or generating torque in the case 
of the variable-speed machine, which therefore returns power 
to the mains. 

If the tunnel is such that fan torque falls as speed falls, this 
arrangement results in a lower rating of the variable-speed 
machine. For example, if fan torque is proportional to speed, 
fan power is proportional to the square of fan speed. The power 
delivered by the constant-speed motor, which delivers forward 
torque proportional to fan speed, will be proportional to fan 
speed. The difference power is absorbed by the variable-speed 
machine acting as a generator. This difference has a maximum 
value at half speed and is then one-quarter of the maximum fan 
power. Maximum fan power is obtained wholly from the syn- 
chronous motor with the variable-speed machine stationary. 
With a cube-law fan the improvement is even greater. For 
starting, the machines can be run up to speed with the fan 
clamped stationary. The fan is then run up by slowing down 
the variable-speed machine. The synchronous motor can be 
used for power-factor correction of the variable-speed system. 
Not only is the rating of the variable-speed machine reduced, but 
its losses are, of course, reduced in proportion to the reduced 
power handled. Even if the variable-speed machine is replaced 
merely by an eddy-current brake, the losses are limited to 25% 
of maximum fan power. The figures are even more advan- 
tageous for ‘cube law’ fans. 


THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSIONS 


Messrs. P. McKearney, L. S. Drake and E. G. Mallalieu (in 
reply): Mr. Fletcher’s contribution is valuable in illustrating the 
background against which the driving system for this project 
was developed. Experience with the a.c./d.c. composite drive 
has shown that, apart from running up the drive to full speed, 
which requires all the available 12000h.p., the d.c. component 
provides ideal speed control and, in addition, enables a whole 
series of tests to be undertaken when the a.c. power is required 
elsewhere. In fact, if these particular d.c. machines had not 
been available it would have been necessary to provide other 
motors of the same capacity with a speed-control system 
equivalent to that of the Ward Leonard in flexibility and range. 

We agree with Mr. Thompson that a direct drive by a specially- 
designed steam-turbine installation might be feasible for an 
isolated tunnel drive. However, where a number of large 
dzives have to be catered for, this would lead to a complete 
boiler/turbine installation for each tunnel drive, or, alternatively, 
# central boiler with steam mains several hundred feet long to 
the individual turbines, with a total prime-mover capacity several 
“mes that of the existing generating plant. In the present scheme 
te primary purpose of generation is to provide a comparatively 
senall source of variable-frequency power capable of being 
evitched as required to a number of drives, which, alternatively, 


can be run from the Grid system. Thus maximum use of the 
tunnel facilities can be arranged by suitable power distribution 
between the tunnels. 

In reply to Mr. Fox, we have ascertained that the cal- 
culated frequency of the first mode of torsional vibration on 
the R.A.E. high-supersonic-speed tunnel is 296-8 cycles per 
minute. The exciting force will have this frequency when the 
slip of the induction motor is 4-95%. As the gear ratio between 
the induction motor and the synchronous motor is 931 -6/3 000, 
this imposes a slip of 6:84°% when the synchronous motor is 
connected to the same supply as the induction motor. Under 
this condition, the frequency of the exciting force is 38% above 
the natural frequency. 

It follows, therefore, that this mode constitutes a possible 
hazard only if the set is over-speeded during the synchronizing 
operation. To cover this possibility a system of protection is 
being provided which gives warning if the slip frequency of the 
induction motor falls below a predetermined value or if the 
out-of-balance currents in the rotor phases of the induction 
motor exceed a predetermined value. If a combination of these 
conditions occurs the induction motor is tripped out. 

The degree of unacceptable electrical unbalance in the rotor 
of the induction motor is that at which the torque variation in 
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the pinion shaft, due to the vibration, exceeds the main torque, 
thus causing separation of the gear teeth. Calculation of this 
amount of unbalance involves making certain assumptions about 
damping forces arising from energy dissipated in bearings, and 
hysteresis of shaft material. It has been considered preferable 
to confirm the frequency and the tolerable amount of unbalance 
experimentally and to set the protective gear to suit. 

We have studied with interest Mr. Eastman’s contribution and 
the papers to which he refers. It would appear that, at some 
later stage of development, the spherical induction motor will 
have to be considered seriously for variable-speed drives with 
limited speed range. 

It is interesting to note that Dr. Friedlander confirms the 
necessity to control the soda content as well as the temperature 
of the electroyte in liquid controllers and that satisfactory 
automatic compensation for these variations has been achieved. 
We are aware of recent developments of medium-size Kramer 
drives using rectifiers to convert the slip energy of the induction 
motor for driving a d.c. motor coupled to the drive shaft, and 
consider that these drives may well merit consideration for future 
wind-tunnel work. 

The normal method of running up and synchronizing the 8 ft 
tunnel drive under all conditions is by means of the d.c. motor, 
but, if the d.c. motor were not available, the a.c. motor could 
be run up to a synchronizing speed of 10c/s on the damper 
windings in the pole faces. 

Mr. Legate is correct in assuming that a tapped-anode supply 
transformer would enable the power factor of a grid-controlled 
rectifier to be adjusted. This effect has been noted on the 
R.A.E. rectifier drive when tap-changing on the site supply 
transformer. To extend this method to useful proportions on 
an installation of this size would involve a rather complex 
transformer arrangement. 

Prof. Williams’s suggested scheme of a composite drive 
through differential gearing shares with the Kramer system the 
disadvantage that for wind-tunnel duty, where a wide speed 
range and high torque at low speed are required, the variable- 
speed set becomes large and expensive. Such drives are then 
not competitive with other schemes, such as the Ward Leonard, 
which have the advantage of less complicated control. 

Messrs. L. S. Drake, J. A. Fox and G. H. A. Gunnell (in reply): 
In reply to Mr. McTaggart, the detailed design of components 
and circuits for a high-accuracy control system may take several 
weeks and the time taken to check the open-loop frequency 
response is negligible. We agree that the closed-loop transient- 
response calculation is tedious, but nevertheless the result 
obtained from analysing the simple linear system is useful for 
checking the setting-up and functioning of the analogue 
computer. In the paper, the mathematics have been simplified 
by calculating the response due only to ‘proportional control’. 
The advantage of using an analogue computer, apart from 
consideration of non-linearities, is mainly the ease with which 
the variable parameters may be optimized, after the original 
simulation has been proved correct. In practice, the transient 
response to a step of reference may be slightly modified by 
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the load torque. This would tend to make the system less 
oscillatory. 

In the control, which combined both Class 0 and Class 1 
systems, the system gain m, was decided on ‘proportional 
control’ alone. The ‘integral control’ gain mz was fixed by 
design considerations of acceleration rate, etc., as well as for | 
stability. For wind-tunnel drives the load torque at any given 
speed may be taken as approximately constant, but the rate of 
change of speed which results from changes in generator voltage 
due to temperature or frequency effects is dependent on load 
regulation. It has been found, practically, that, if the closed- 
loop regulation is made equal to the specified speed accuracy, 
the disturbances from outside the loop have a tolerable transient 
effect upon the system. 

In reply to Mr. Thompson, we have shown that the Ward } 
Leonard system, with its inherent low regulation, comprises the } 
dominant control of the drive speed; the gas turbine, on the | 
other hand, provides the major power. The full power of the | 
Ward Leonard system can be employed at the same response 
rate for correction of speed errors above or below the set value, 
but this facility cannot be provided by a turbine, since excess 
power requires reduction of fuel, and consequent reduction of 
speed is obtained owing to load torque and turbine, losses only. | 
In simple terms, the turbine possesses the unidirectional response } 
of the d.c. system. While we agree that a frequency-sensitive — 
device has several attractive features, we consider that the well- 
tried voltage-comparison system using a high-accuracy tacho- 
generator of robust design provides a reliable and simple system. | 

Messrs. T. Barnes and C. R. Dunham (in reply): In reply to | 
Mr. Fletcher, the facility afforded by a control system in which 
the basic nozzle shapes may readily be altered was regarded, 
from the start, as being of considerable importance. It was one 
of the main reasons for adopting punched tape as the data store, | 
in place of alternatives based on more mechanical principles, e.g. 
precision cams or templates. The feature has, in fact, proved § 
its value, as mentioned in Section 7 of the paper. The task of | 
preparing a new set of tapes is very much more easily under- 
taken than the alternative of producing 60 accurately shaped 
cams. The further facility of being able to make test changes — 
to the nozzle shape by the manual insertion of impulses is like- 
wise useful in establishing new data, and has proved well worth 
the small added complication to the circuits. } 

Whilst agreeing with Messrs. Scholes and Roberts that there | 
are certain points which might have favoured a fully digital data- 
transmission scheme, we are inclined to the opinion that the 
extra apparatus necessary would have been difficult to justify. 
The situation might now be different, since so much more | 
experience in this field is available. On the question of speed of 
operation, with the equipment as fitted the rate of impulsing is 
related to normal telegraph practice and this happens to give a 
rate of wall movement which nicely suits the hydraulic plant. 
Whereas it would be possible to achieve a higher speed of data 
transmission by using more up-to-date techniques, in the present 
tunnel other limitations preclude the need for an increased rate 
of wall travel. . 
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THE DEVELOPMENT AND OPERATION OF A 10kW HOMOPOLAR GENERATOR 
WITH MERCURY BRUSHES 


By D. A. WATT, B.Sc.(Eng.), Associate Member. 
(The paper was first recetved 5th November, 1957, and in revised form 6th February, 1958.) 


SUMMARY 


Principles of design and the experimental development of a 10kW 
homopolar generator with mercury current-collector rings are 
described. The machine provides pure direct current ranging from 
10 to 16kA at 1-0-0-625 volt with an estimated efficiency of 
91-88% respectively. It has a cylindrical copper rotor and a 
coaxial compensating conductor of magnetic material. The poten- 
tiality of this class of machine in much larger sizes is indicated. 


LIST OF SYMBOLS 


a = Length of arc of brush-liquid cross-section, cm. 
B = Flux density in air-gap, gauss. 
8%, = Mean circumferential component of flux density in iron 
return conductor, gauss. 
B, = Mean radial component of flux density in iron return 
conductor, gauss. 
B, = Average saturation flux density in iron return conductor, 
gauss. 
d = Density of brush liquid, g/cm3. 
F, = Magnetomotive force required for thickness t, of copper 
rotor, ampere-turns. 
F, = Magnetomotive force required for mean effective width 
t, of iron return conductor, ampere-turns. 
g = Gravitational acceleration, cm/sec”. 
G = Ratio of mean centrifugal acceleration of brush liquid to 
gravitational acceleration. 
h = Vertical difference in level between open surfaces of brush 
liquid, cm. 
H, = Maximum circumferential magnetic field strength at brush 
due to main current passing through brush, oersteds. 
H, = Mean value of circumferential magnetic field in iron 
return conductor due to armature current, oersteds. 
H, = Mean value of radial magnetic field in iron return con- 
ductor required to produce B,, oersteds. 
I = Output current of generator, amp. 
I, = Magnetizing current in field winding, amp. 
1 = Length of air-gap parallel to axis of machine, cm. 
Pe. = Pressure head of brush liquid derived from the interaction 
of the current and its field in the brush liquid, cm. 
r = Mean radius of brush and generator rotor, cm. 
Ar = Difference in radii of brush-liquid surfaces, cm. 
r, = Mean radius of iron return conductor, cm. 
R = Total internal resistance of generator, ohms. 
| Ry, = Resistance of field winding, ohms. 
t, = Thickness of copper rotor in air-gap, cm. 
t, = Mean effective width of iron return conductor, cm. 
V = Terminal voltage of generator. 


P = Ohmic losses due to passage of main current through 


: generator, watts. 
?,, = Combined brush friction loss at full-load speed, watts, 
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P, = Ohmic loss due to circulating current in lower brush, 
watts. 
Py, = Driving-belt loss, bearing friction loss and windage on 
light load, watts. 
P,,, = Ohmic loss in field winding, watts. 
P- = Resistivity of rotor copper when warm, ohm-cm. 
Ps = Resistivity of low-carbon steel, ohm-cm. 
w = Mean angular speed of brush liquid, assumed to be half 
the rotor speed, rad/sec. 


(1) INTRODUCTION 


Homopolar machines received considerable attention when 
electrical engineering was becoming an established industry. 
The literature! contains many references to designs with solid 
brushes and mercury contacts, but until recent times the most 
successful machine to operate in an industrial application was 
the one developed by B. G. Lamme in the period 1906-12.? 
This used copper leaf brushes with 0:1-0:2-volt drop per brush 
under the best conditions. The machine ran at a speed of 
1200r.p.m. and produced 2MW, 7-7kA at 260 volts. The 
story of its development makes fascinating reading. For 
large-scale power production the homopolar generator suffered 
the disadvantages of relatively low speed and d.c. output; 
alternators could be more readily matched to turbine speeds 
and the a.c. systems had the advantage of easy transformation 
for distribution. More recently a pulsed homopolar generator 
has been developed commercially for resistance welding;?>4 this 
also uses solid brushes and conductors in slots. Several machines 
have been developed to supply power for research projects and 
these include pulsed generators with liquid-metal current 
collectors.5»® For continuous operation the chief interest to-day 
is in generators which can supply extremely heavy direct currents 
at only a few volts. 

This demand has arisen with the application of electromagnetic 
pumping principles to the circulation of liquid-metal coolants 
in nuclear reactors. The d.c. pump has a minimum of insulation 
and maintenance problems and is therefore especially suited to 
pumping sodium or other alkali metals at temperatures not 
readily accommodated by a.c. pumps with polyphase windings. 
It is also well suited for pumping the high-resistivity liquid 
metals, such as bismuth, in a circulating fuel reactor; the effi- 
ciency of linear induction pumps is seriously reduced with these 
metals.’ The overall efficiency is governed by those of the 
generator and pump combined, so it has been important to 
establish a source of current with an efficiency as near that of a 
conventional generator as possible and equally compact. 

A design with rotor totally immersed in sodium-potassium 
alloy was developed in the United States by the late Dr. 
A. H. Barnes®:? at Argonne National Laboratory. The larger 
version of this is intended to produce about 250kA at 2-5- 
3-0 volts for the d.c. pump (10000g.p.m., U.S. measure) which 
has been proposed for the EBR II reactor.!° The generator effi- 
ciency is expected to exceed 80°. This machine has a minimum 
of brush problems because the current is conveyed from the rotor 
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‘to the terminal conductors via the liquid-metal filling. The 
liquid is circulated by the pumping action derived from the rotor 
base, and the machine losses are removed by a heat exchanger 
in the liquid-metal circuit. 

The present paper describes yet another approach to the 
development of highly efficient generators suitable for the d.c. 
electromagnetic pump or other processes requiring high current 
at low voltage. With liquid-metal brush rings it is possible to 
achieve 90% efficiency in small machines and more than 95% 
in ratings of about 100kW. By careful design the brush friction 
/and ohmic losses can be kept quite small, despite the current 
-conveyed. The use of discrete collector rings eliminates the 
_ by-pass-current loss which occurs in an immersed rotor system. 
It also permits closer control of local eddy currents in the brushes. 


(2) THE EXPERIMENTAL GENERATOR 


Towards the end of 1950 it was decided to investigate possible 
brush systems and to build a small generator, of about 10kW 
‘nominal rating, using liquid-metal collector rings or brushes. 
| The range of output chosen from the design study was 10-16kA 
iat 1-0-0-625 volt. 


(2.1) Description of Machine 


For a small experimental machine a relatively light copper 
stor was preferred. The cylindrical shape was chosen rather 
than the disc because a more compact design was made possible 
‘thereby, with brushes equally accessible, and because the thin 
/eylinder has greater stiffness than the disc. Compensation can 
‘be simply effected by arranging a cylindrical return conductor 
;coaxial with the rotor. 

. The general arrangement of the experimental generator is 
\shown in Fig. 1. The cylindrical, bell-shaped, copper rotor is 
‘mounted on a fixed centre spindle with the cylindrical portion 
iin the annular air-gap of a pot magnet. The machine rotates 
about a vertical axis. The lower mercury brush is shown at the 
‘rim of the rotor bell inside the magnet space, while the upper 
‘brush of smaller diameter is enclosed by the return-current 
‘sheath and terminal plates. The brushes 
‘and mercury system are purged and 
‘blanketed with nitrogen to prevent the 
formation of oxides, which would gradu- 
ally block narrow flow-paths. Gaco oil-seal 
‘rings prevent outward flow of nitrogen and 
‘mercury vapour at the hollow shaft. The 
‘magnet winding, of 2684 turns, lies in the 
base of the magnet block and requires 
about 2-Oamp at normal excitation. The 
lower magnet block and winding are 
removed when the lower brush is to be 
inspected. The overall dimensions of the 
machine as shown in Fig. 1 are: height 
24in, diameter 22in, rotor diameter 124 in. 
Other views are shown in Figs. 2 and 3. 


(2.2) Operation of Mercury Brushes 


A small flow of mercury is supplied to 
both brushes to replace splashing losses 
aud to remove some of the heat repre- 
seating friction and resistance losses in the 
retor and brushes. The machine is run 
us to normal speed before starting the 
mercury flow, since the operation of the 
“9 brush requires some centrifugal action 
t overcome surface-tension effects. In 


Fig. 2.—Generator with lower magnet block and winding removed 
for inspection of lower brush. 


rotates and the liquid metal overflows at the rim of larger 
diameter. The flow to the top brush is less than that required 
at the lower one, the friction losses being much smaller. 


ech brush the outer concave member Fig. 3.—View showing terminal connections and heavy-current shunts. 
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The overflow collector and drain were installed as a precaution 
against splashing. Droplets of mercury would otherwise be 
carried into the narrow air-gaps where they would tend to 
accumulate and might eventually short-circuit the rotor. The 
rotor and pole faces were covered with a thin coating of 
epoxy casting resin to provide chemical protection and insula- 
tion. 

Mercury normally flows through the top brush and is collected 
in the labyrinth under the rotor bell. At the bottom brush, 
mercury is fed through two 4in-diameter holes in the stationary 
member of the brush. Instead of flowing from one surface to 
the other the mercury undergoes a combination of supply and 
overflow from the lower surface. The purpose of this is to 
minimize splashing at this brush. Provided that a sufficient 
head of mercury was maintained in the supply pipe the system 
was very satisfactory. There was no tendency for the jets to 
become blocked even when sludging occurred in the circular 
supply channel behind the brush. 


(3) DEVELOPMENT OF THE BRUSH SYSTEM 


(3.1) Friction Measurements and Shape of Brush Channel 


A prolonged series of model tests was carried out!! to determine 
optimum shapes of brush channel and to study the behaviour of 
the liquid. The results of these tests were incorporated in the 
full design study of the experimental generator.! 

Mercury and sodium-potassium alloy were both considered for 
use as brush liquids, and the friction tests were made with mercury 
and water, which corresponds fairly closely to sodium-potassium 
eutectic alloy in hydrodynamic properties. Curved and rect- 
angular channels of various widths were tried, from 0-010in 
upwards. It was found that the more satisfactory result was 
obtained with the outer hollow member of the brush pair rotating 
and the inner one fixed. Friction losses appeared to reach a 
minimum with a channel width of ;¢in, regardless of shape of 
section, and for a given speed of rotation were proportional to 
the quantity of mercury in the channel. The index of the 
torque/speed law was 1-7-1-85 for the cases considered. 

A further reason for preferring a brush channel width of ~¢in 
to the narrower channels tested is that at the lower brush of the 
generator the liquid filling itself constitutes the principal resis- 
tance to eddy currents in the brush. These arise through the 
motion of the brush element in the fringing and leakage field of 
the magnet. For a given contact area in the brush channel the 
circulating current and power loss will vary inversely with the 
thickness of liquid-metal filling. Mercury will have the advan- 
tage over sodium-potassium alloy on account of its greater 
resistivity—approximately 24 times that of alloy and 50 times 
that of copper at room temperature. The ohmic losses due to 
the passage of the main current through the brush were esti- 
mated to be smaller than the friction and possible circulating- 
current losses. 


(3.2) Brush Stability when Conducting Current 


When a heavy current passes through the liquid in the brush 
there arise electromagnetic forces which tend to displace or even 
eject the liquid metal from the brush channel. These forces are 
due to the interaction of the current and its own field. The 
movement of liquid levels is always in the direction that will 
enlarge the cross-sectional area of the loop formed by the 
brushes, rotor and stationary conductors. Thus in the arrange- 
ment shown in Fig. 1 the displacement is downward at the upper 
brush and upward at the lower brush. In calculating the electro- 
magnetic force and displacement, circular symmetry is assumed 
and the liquid is treated as if it experienced the full field of the 
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current conveyed. For uniform current density the mean field : 
experienced by the liquid currents is half this value, but where | 
local circulating currents occur in the brush the current den- 
sity is non-uniform and there is an additional component of ) 
force. In Fig. 1 the maximum current density in the lower brush i 
will occur towards the region of full circumferential field. A 

complete theory would take account of the interaction of the ft 
main current with its own field and the interaction of the local | 
circulating current with this field. In a symmetrical system the | 
circumferential field of the eddy currents will produce no net | 
force with these currents or the main current superimposed. In } 
a simple brush of symmetrical cross-section it can be shown that, | 
provided the magnitude of the circulating current in the brush @ 
does not exceed twice the main current through the brush, the i 
displacement force will not exceed the value given by ignoring | 
the eddy current and treating the main current as if it operated — 
in the full value of its circumferential field. This is a reasonable | 
assumption for estimating the limits of safe operation in a | 


practical design. 


ee 


Fig. 4.—Equilibrium of brush liquid. 


Consider the arrangement shown in Fig.4. Using the symbols 
already listed, we have 


Hoe ee 


Hence the assumed value of displacement pressure is 


HI 7 
20mr 100zr2 


(2) 


dynes per square centimetre . 


The difference of pressure due to the vertical interval h is 
dgh . (3) 


and the difference of pressure due to centrifugal action is 


w?rArd . 


This equation will apply provided the channel is quite narrow. — 


The value of w can usually be taken as half the angular speed 
of the rotor. 


At the lower brush in Fig. 1 the electromagnetic and gravita- 


tional forces are in opposition, and the displacement of the — 


liquid metal will be given by 


dgh = or Arde 


~~ 100ar2 


At the upper brush the gravitational and electromagnetic forces — 


act together, so that 


[2 
dgh + —_—. = a) > ae 
igh + 00a = @ rArd (6) 
It is assumed that the surface pressures are equal, but this may 
not be so in practice since the brushes are themselves a type of 


seal; the pressures could be made to differ intentionally. 


(4) | 


(5) 
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Assuming equal pressures, we have in general 


h eles 
+ 
A =i ~ 1007r2d 
LF Biel Geer (7) 
or A a! Be 
i= GG ° . . . . Hy vA (8) 


where G, the ratio of mean liquid centrifugal acceleration to 
gravitational acceleration, is given by 
wr 


Z (9) 


and p,, the pressure head due to the electromagnetic forces, is 
given by 


G 


[2 
Pe 1007r2dg . : . . . (10) 


Referring to Fig. 4, the limit of stable operation is reached 
when the length of arc of liquid cross-section, a, lies entirely 
above or below the centre-line. In a brush with a radially deep 
rectangular channel the unstable condition occurs when Ar is 
very nearly equal to a. For safe operation Ar must be small 

compared with a. 

Since the displacement due to electromagnetic forces varies 
_iaversely with liquid density and the square of angular speed, the 
speed required with sodium-potassium alloy in a given brush will 
_e about four times that needed with mercury in order to have the 
same measure of stability. This will be found to imply greater 
friction losses than with mercury. In the overall design study!” 
‘it was found that the optimum designs of machines for a satis- 
\factory measure of brush stability with alloy brushes were little 
i different in efficiency from optimum designs using mercury. 
‘Mercury was considered to be the preferred liquid for these 
‘reasons and because it is so much easier to handle in experimental 
s equipment. 

_ The theory of brush stability was checked in a small model 
i brush system without magnetic core (Fig. 5). This is shown in 
diagrammatic form in Fig. 6. The mean radius r was 5cm 
and the brush channels were semicircular, the section being 
lof 0-5cm radius. Using eqn. (7), the estimated maximum 
difference of surface radii, Ar, was 3:O0mm with 10-5kA 
jdirect current passing through the brushes. No untoward 
jeffects occurred in a test of about one minute duration at this 
wcurrent. The voltage measured across the device was about 
(10mV; the brush-channel surfaces were amalgamated copper. 
The rotor speed was 700r.p.m., corresponding to the lowest 
possible speed in the experimental generator. Even at the 
maller upper brush of the machine the conditions are less 
vere than in the model. The estimated maximum possible 
adial difference, Ar, is about 1:5mm at 16kA, 725r.p.m. 
(At the lower brush the maximum radial difference given by 
n. (7) is about 0-3mm, taking the electromagnetic forces in 
ppposition to the gravitational, which predominate in this case. 

The safe upper limit of current in the brushes is governed by 
onditions in the upper brush. Taking the radial depth of 
shannel on the lower side as 1-O0cm, the axial depth of mercury 
at the limit of stability as 0-5cm, the mean radius of brush as 
3-5cm, and mean angular speed of the fluid on load as 363 r.p.m., 
een. (7) gives an upper limit of 60kA. Since the leakage 
Sed through this brush is very small, the circulating component 
>f current will be small and the average effective circumferential 
eid approximates to 4H,. With this assumption the limit of 
tability is increased by 1/2 to 85kA. For the lower brush 

he limit given by eqn. (7) is about 145kA. The overload 
watety margin for brushes intended to carry a maximum of 
) A is therefore ample at the normal running speed. 


Fig. 5.—Exploded view of model brushes. 


Fig. 6.—Diagram of model brush assembly. 


A serious short-circuit is unlikely to occur with such low- 
voltage high-current ratings, but the generator field would 
presumably be interlocked with the driving motor, which would 
be the first item to trip. Even if the change in field is small the 
voltage and current will decline with the speed and so the ratio 
of electromagnetic and centrifugal effects in the brushes will tend 
to remain constant as the speed falls. At very low speeds the 
voltages and currents would be much reduced, and if the brushes 
did open circuit the risk of damage to heavily plated surfaces is 
small. 


(3.3) Brush Materials 


Experience with the model brush assembly had suggested that 
corrosion of plain copper with mercury might not be very serious, 
and preliminary tests with thin plating revealed no serious 
deficiencies. Conditions at the lower brush of the generator, 
however, were much more severe. The peripheral speed of the 
moving member exceeds 40ft/s. Some of the original copper 
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components had to be replaced and the protection finally adopted 
was a heavy plating of nickel on copper, with a rhodium finish. 
This has withstood extensive tests. Rhodium makes excellent 
electrical contact with mercury because it is free of protective 
oxide films and is itself insoluble in mercury. Under operating 
conditions the mercury temperature in the brushes is kept within 
a limit of about 30°C. Mild-steel brushes could be used, but it 
is preferable to plate the surfaces with nickel and rhodium in 
order to avoid rusting at any time and subsequent fouling of 
mercury. 


(4) COMPENSATING CONDUCTOR OF MAGNETIC 
MATERIAL 

If magnetic material is used for the current paths adjacent to 
the air-gap of a homopolar machine the magnetizing force 
required can be much less than that needed for continuous 
copper conductors. A system using copper bars embedded in 
the magnet material would have least reluctance and resistance 
but is obviously more complicated to construct. With exceed- 
ingly heavy currents, say 250kA, at 1:0 or 2-0 volts, it 
would undoubtedly be worth while, but in small machines the 
gain in efficiency is trivial, as can be judged from the figures for 
losses given below. 

In the experimental generator the rotor is of high-conductivity 
copper with a thickness, t,, of 3-5mm, and the return conductor 
is a low-carbon steel ring, with an effective thickness, t,, of 
2:1cm. When delivering 10kA at 1:0 volt and 725r.p.m., 
the air-gap flux density is about 13kG. Taking the resistivity 
of the copper, p,, as 2:0 microhm-cm and that of the low-carbon 
steel, p;, as 12-0 microhm-cm, the mean radius of the rotor, 
r, aS 16:0cm and that of the return current ring, r,, as 17-3cm, 
under steady running conditions the ohmic losses are as 
follows: 


Loss in 6cm length, /, of rotor = soap pel? = 2 = 34-0 watts. 


: j If 
Loss in 6cm length, J, of steel ring = ———p,I* = 31-5 watts. 
Datiete 
The resistances and ohmic losses are clearly comparable. 
With an air-gap flux density of 13kG the m.m.f. required 
for the copper cylinder is 


10 
1 Aqpte = Ss oVemiseinsm 5 5 . (Mid 
The mean radial flux density in the compensating ring is 


B, = B— = 12 Kilogauss LRT Y HC eS 


The mean value of the circumferential magnetizing force is 


ie oh I 
is = RE ran: 
»~210r,  10r, kre) 


very nearly. 


At a load of 10kA the mean value of H,, is 57-8 oersteds. 

Since the ring presents a continuous iron ‘circuit to the field 
H,, it will be at or near magnetic saturation over most of its 
radial width. If B, denotes the saturation flux density, the 
circumferential component of flux density B, will be given by 


By (BS Pe ee Sa) 


The components B, and B, are in the same proportion as 
H, and H,; i.e 


ea eee eet 
HS BS We Bey ee a 


In the simplified case, B, is assumed constant across the width | 
t, of the ring, and the material is treated as if it were at a fixed | 

value of flux density B, throughout. In a thin ring H, varies | 
linearly from zero at one side of the ring to a maximum at the } 
other. Thus, given B,, B, and the mean value of H,,, the mean § 
value of H, can be deduced, | 

Taking the probable average value of B, as 17°5kG and | 


I = 10kA, the mean value of H, is 


B, 
A, = Ay TR — BD BD = 54-4 oersteds . . (16)} 
Hence, the m.m.f. required for the low-carbon steel ring is : 
given by 
F, = Hs, = =91lampere-turmns . . . (179 


This compares with 3620 ampere-turns for the copper rotor. 
The assumption of a constant value of B, leads to a slight over- | 
estimation of the mean value of H,, especially if the choice of } 
B, is conservative. A step-by-step method, taking narrow | 
annuli of the iron ring, would yield a more accurate result but is 
hardly necessary in this design. 

In the other case of 16kA at 0-625 volt and 725r.p.m., the | 
air-gap flux density B is 9:5 kG, approximately. The m.m.f. | 
required for the copper of the rotor is F, = (10/47) Bt, = 2645 | 
ampere-turns. The mean radial flux density in the compensating | 
ring B, = Br/r, = 8780 gauss. At 16kA the mean value of H, 
in the ring is quite closely 1/10r, = 92-5 oersteds. The probable | 
average value of B,= 18kG. Hence the mean value of H,, by | 
eqn. (16), is 51-6 oersteds. The m.m.f. required for the iron | 
ring will be } 


F, = —H,t, = 86:4 ampere-turns 


An 
This is practically the same as the value for F, for the 10kA | 
load at 1-0 volt, and the advantage compared with the copper | i 
rotor is again considerable. ' 

In the experimental machine the compensating ring is insulated 
from the main magnet iron. Where the magnetic circuit makes } 
contact with only one side of the generator output the return- 
current circuit can be through the magnet material. An insu- | 
lated ring need not be used, but the current must be taken away 
through a circular band of material, as in the present machine. © 
The resistance of this portion of the main-current path would be | 
greatly reduced and the current capacity of the machine 
increased. An uncompensated machine would be one in which | 
the current was taken from within the magnet via a conductor or 
conductors which passed through the iron remote from the main | 
air-gap. In general this will result in a disturbance in air-gap 
flux distribution on load; an ingenious and useful exception has | 
been devised by Mr. J. M. Raven.!3 


(5) PERFORMANCE OF THE EXPERIMENTAL GENERATOR | 


The excitation characteristic is given in Fig. 7, and curves of 
efficiency against current for the 10kW output rating are given 
in Fig. 8. These were calculated on a basis of average losses. 
Belt and bearing friction varied with belt tension, and the brush 


_ friction and eddy-current losses varied with the rate of supply 


of mercury through the jets. The field losses were derived 
directly from voltage and current measurements, while the 
internal resistance of the generator was derived from an estima- 
tion of the regulation at full power and different voltage/current 
ratings. This was checked by direct calculation as far as possible, . 
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Fig. 7.—Generator excitation characteristic. 
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(a) Demagnetization from saturation, J;, = Samp. 
(6) Excitation following demagnetization as in (a). 


Speed 765-770 r.p.m. 
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Fig. 8.—Efficiency/current characteristics at 10 kW output. 


(a) Generator efficiency, field losses neglected. 
(b) Generator efficiency, including excitation power. 
(c) Average drive efficiency, derived from (a) and (d). 


(d) Conversion efficiency (generator 


output/motor input), A.C. to D.C. 


_ahough the resistance of the bolted joints introduced a margin 
/© uncertainty. The joint resistances amounted to about 35% 
<f. the total internal resistance, the brushes contributing only 10%. 


) 
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The values are set out below: 
Belt losses, bearing friction and windage 


on light load, Pr an Ls .. 300 watts. 
Lower-brush mercury friction, open- 

circuit be ae e .. 200 watts. 
Upper-brush mercury friction, open- 

circuit B3 ae Re 30 watts. 
Generator speed, open-circuit .. 765-770 r.p.m. 
Generator speed, full load 725r.p.m. 


Combined brush-friction loss at 725 r.p.m., 
ley S73 Seah Ho: aus .. 200 watts. 
Assumed values of circulating-current 


power loss at lower brush, P, 75 watts at 1-0 volt, 


35 watts at 0-62 volt. 
37-0 ohms. 
2:0-1:2amp. 

148-53 watts. 


Field winding resistance, R,», 

Range of field current, J,, 

Range of field winding loss, P,, 

Internal resistance of generator between 

terminal plates, R va So Ole: Oe Samicrohms: 

The brushes contribute about 0:3 microhm and solid materials 
about 1:7 microhms, the remainder being joint resistance. 

With the mean value of R, the main ohmic losses, P, are 300 watts 
at 10kA and 770 watts at 16kA. 


In the original design study, operation at a higher speed was 
envisaged for the 1-0 volt, 10kA rating, but with the return 
conductor of magnetic material the higher voltage was obtained 
at the lower speed with normal current in the field winding. The 
brush-friction losses were measured by observing carefully the 
change in motor input as the brushes were filled, with the 
generator at zero excitation. On light load the change in motor 
losses could be neglected. The circulating-current losses were 
measured by observing the further smail increase in motor input 
as the generator was excited on open-circuit. If the brushes 
were empty it was found that no increase in motor input occurred 
when the field winding was energized, an indication that there 
were negligible circulating currents in the copper rotor. In 
deriving the full-load regulation the generator was always 
de-excited from 5-:Oamp field current and the voltage was then 
measured as the field current was raised step by step from zero. 
The excitation curve was taken in the same manner so that the 
open-circuit and full-load voltages would correspond without 
any difference attributable to hysteresis. Corrections were 
applied for the change of speed on load and for the change of 
reluctance of the magnetic return conductor. Values of generator 
resistance obtained in this way varied from 2:0 to 3:5 microhms 
owing to the large effect of experimental error on the small 
voltage differences involved. The curves of generator efficiency 
were computed from the data listed above, but the curve of overall 
conversion efficiency, from motor input to generator output, is 
based on experimental figures for a.c. and d.c. power. The 
average drive efficiency was derived by taking overall efficiency 
as a fraction of generator efficiency. 


(6) CONCLUSION 


The successful operation of a 10kW generator delivering a 
current of 10-16kA with brush losses of about 300 watts has 
established a new range of efficient low-voltage, high-current 
d.c. machine designs. Ina design with magnetic material for the 
rotor, preferably integral with the centre pole, which itself 
rotates, the internal resistance could be reduced to one microhm 
or less. A machine of 100kW rating could have an efficiency 
of at least 95% although delivering current as high as 
50kA at a mere 2-0 volts. An overall conversion efficiency 
of d.c. output against a.c. supply approaching 90% can be 
envisaged even at these voltages. Industrial applications of 
low-voltage direct current usually require a somewhat higher 
voltage, and by combining machines in a back-to-back arrange- 
ment of cores and rotor circuits the voltage from a given diameter 
of machine can be doubled. Further development of brushes 


240 


should lead to increased brush speeds and so permit a higher 
voltage from a given size of machine. On the basis of present 
data two generators series-connected could be designed to 
produce, say, S50kA at 7-0 volts with a brush speed of 45 ft/s. 

These machines have no commutator and consist of relatively 
simple parts with a minimum of insulation requirements, and it 
is therefore to be expected that constructional costs will be less 
than those for a higher-voltage commutator machine delivering 
equal power. From the operational standpoint maintenance of 
a fully developed system can be expected to be less because the 
continuous circulation of clean mercury replaces the periodic 
clean-up of d.c. commutators. The mercury system would nor- 
mally operate with quite a small temperature rise, and suitable 
running seals would ensure that the escape of vapour was insig- 
nificant. 
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TRANSFORMERS, REGULATORS AND REACTORS 


A Review of Progress 
By E. T. NORRIS, Member. 


(1) INTRODUCTION 
The design and construction of transformers and associated 


apparatus have progressed steadily and well since the last 
“progress review,* without any changes that could be termed 
revolutionary or epoch-making. 


Within this period the 275kV Grid system has been inaugu- 


rated. Transformers in the 300-400kV range are being built by 


| 


British manufacturers. 

Following the comparatively sudden increase in turbo- 
enerator ratings due to the forced internal cooling of con- 
ductors, transformer sizes have risen to 500 MVA and even 
higher. This increase has accentuated difficulties due to 
mechanical stresses and transport limitations. Grain-oriented 


cold-rolled steel has come into general industrial use as distinct 


irom the limited application described in the last review. In 
particular, the production of wound cores for small rural 
transformers is now common. The constructional standardiza- 
tion of distribution transformers by the late Central Electricity 


_ Authority and the Area Boards has greatly simplified their manu- 


facture with consequent economy and interchangeability. These 


- are some of the outstanding developments which will appear in 


| 


more detail in the course of this review. 

It is proposed to consider first certain characteristics important 
(in greater or lesser degree) to transformers in general and then 
to deal more particularly with different classes of transformers 


and their applications, including regulators and reactors. 


(2) GENERAL CHARACTERISTICS 


(2.1) Grain-Oriented Cold-Rolled Steel 


The outstanding development in the period under review, 
owing to improvement in material, results from the use of grain- 
oriented steel. The advantages were dealt with in the last 
review, where it was stated that only limited supplies were then 
available. It is now in large-scale commercial production and 
is being used to a significant extent by all transformer manu- 
facturers. For a given flux density its loss is less than half that 
of hot-rolled steel. Considerably higher flux densities can thus 
be employed and still result in a notable loss reduction. The 
upper limit of flux density will probably be set by harmonics and 
inrush magnetizing current since the saturation flux density is 
not appreciably increased. 

In general, therefore, the use of grain-oriented steel has 
promoted reductions in both the weight and size of the trans- 
former and in both its iron and copper losses. 

In order to make the best use of the directional qualities due 
to grain orientation, stress-relief annealing is essential following 
all cutting operations. Continuous annealing furnaces are now 
available with improved uniformity of treatment and continuous 
rroduction.. The ordinary interleaved joint is tending to be 
replaced by some form of mitred joint for the larger transformers 
ead by cores wound continuously or with some form of over- 
Japping joint in the smaller transformers. !? 


* Norris, E. T.: ‘Electrical Plant and Machinery: Transformers, Regulators and 
Peactors’, Proceedings I.E.E., Paper No. 1245, March, 1952 (99, Part I, p. 68). 


Mr. Norris is a consulting engineer with Ferranti, Ltd. 


(2.2) Impulse Strength of Windings 


The principle of basic insulation levels described in the last 
review is now established on a world-wide basis. Standard 
levels have been incorporated in a publication of the Inter- 
national Electrotechnical Commission.® !° In 1956 the trans- 
former section of B.E.A.M.A. issued recommendations’ covering 
both insulation levels, power frequency and impulse tests 
intended to serve as an interim measure until the publication of 
the revision of B.S. 171: 1936. 

The standard impulse tests are based upon lightning surges 
travelling along the line into the transformer either as a full 
wave or chopped by flashover. The increasing use of com- 
pressed-air circuit-breakers has drawn attention to the possible 
danger of switching surges. The characteristics of these surges 
are being studied in many countries. 

The neutral-current method of detecting breakdown during 
an impulse test described in the last review is now in general 
use for full-wave testing. The most important development in 
recent years has been the means of obtaining chopped waves with 
precise timing, which enables the neutral-current method to be 
applied to chopped waves as well as full waves.* >» © Hitherto, 
reliance has had to be placed largely upon repeating a full-wave 
test after the chopped waves, which is a somewhat uncertain 
means of detection. It is now possible to determine with 
assurance any failure or partial failure in the insulation due to 
either chopped or full waves. 

Since transformer-winding insulation, particularly between 
coils and turns, is usually determined more by impulse stresses 
than by power-frequency stresses, considerable study has been 
given to the surge strength of transformer insulation. The 
National Physical Laboratory? and the E.R.A.? have made 
important contributions to this study. 


(2.3) Insulation 


As stated in the two previous reviews, paper and pressboard 
are still the principal insulating materials in oil-immersed trans- 
formers. For the lower voltages a varnish impregnation may 
be used, chiefly for structural and protective sealing purposes, 
but for the higher voltages the oil also forms the impregnating 
medium. In this respect there has been little change in trans- 
former insulation design over many years. 

The importance of complete impregnation has been accentuated 
by the growth of impulse testing. It is no longer possible to 
rely upon time to complete the impregnation. Heat-treatment 
processes have been given detailed attention, accompanied by 
the measurement of power factor, insulation resistance or 
dispersion. !3 

The general use of paper-covered conductors has created a 
demand for a standard which has been met by the issue of 
B.S. 2776: 1956.!! 

For the smaller transformers (and also sometimes for strand 
insulation in multi-strand conductors) one of the newer syn- 
thetic enamels, such as polyvinyl acetal, is used as conductor 
covering—usually reinforced by paper insulation. The use of 
high-temperature synthetic materials such as one of the silicones, 
glass fibre, etc., is confined to dry-type transformers and deal 
with in Section 5. 
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(2.4) Transformer Noise 


The increasing size of transformers in suburban areas and the 
growing difficulty of finding sites for new substations remote 
from residential property combine to make the problem of 
transformer noise both ever-present and serious. This is an 
international problem and much study is being devoted to 
it.14 15, 16 

The noise generated by a transformer can obviously be reduced 
by lowering the flux density. However, this is not an economical 
solution in itself. The noise is caused partly by magneto- 
striction (which is an inherent characteristic of the core material) 
and partly by transverse vibrations of the laminations. Assuming 
correct design of the clamping and the core section, this latter 
component is thought to be caused largely by waviness of the 
sheets and by cross fluxes between Jaminations due to large 
variations in the permeability of different sheets and also in 
different parts of the same sheet. It is likely that these effects 
will be improved in the near future when continuous strip steel 
is commercially available in this country. 

The alternative treatment is to shield the transformer itself 
by walls, sound enclosure or buildings. According to the degree 
of sound insulation achieved, noise reductions of up to 30dB 
can be obtained. An economical solution to avoid the cost of 
a complete building for transformers with separate cooling 
banks is a weatherproof blanket for the transformer tank,!5 
the bushings being allowed to protrude. This is a revival of a 
method adopted some years ago.!7_ The average noise reduction 
is 16-20dB. Fig. 1 shows such a construction developed by 
the Central Electricity Generating Board. 
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corresponding to different classes of loading—rural, domestic, 
industrial, etc. It is hoped that the results in charts and tables 
will be of more practical help to operating engineers in making 
full use of the thermal capacity of transformers under various 
practical conditions of loading and ambient temperature. 


(2.6) Aluminium Windings 


The price of copper has fluctuated erratically over a wide 
range in recent years, and at its maximum has approached the } 
limit at which it can be challenged economically by aluminium 
as a conductor for transformer windings. Consequently trans- 
former manufacturers generally have been studying the technique 
of using aluminium, and in many cases have built prototype | 
transformers (both large and small) with aluminium windings 
in order to establish methods of winding, insulation, jointing, 
etc., and so be prepared for immediate change-over to aluminium 
should it be warranted at any time by the price ratio of the two 
metals. !8 

In general, aluminium has no marked advantage in efficiency, 
weight or dimensions. The choice will therefore be determined ~ 
by economic considerations. 

The insulating properties of anodized aluminium have long 
been a lure to transformer designers,!? since the thermal 
characteristics of the anodic layer and its thinness make it | 
superficially attractive. However, there are practical difficulties . 
to be resolved, and as yet it is not in general use. For small 
transformers there is the further possibility of its use on foil for — 
multi-layer coils, and this application has received some 
attention recently in America. 


EXTENDED H.V. AND LV, TURRETS 
WITH WEATHERPROOF COWLS 


BRICK WALLS WITH LIMITED 
VENTILATION (TOTAL AREA 

OF APERTURES NOT TO 
EXCEED 01% OF TOTAL 
WALL AREA) 


RESILIENT PACKING 
AROUND COOLER 


PIPES 


Fig. 1.—Sound insulating enclosure for a large transformer with separate cooling bank. 


(2.5) Thermal Rating 


The principles of thermal rating and overload capacity based 
on the maximum permissible hottest-spot temperature of the 
insulation are now well established. There have been no changes 
of major importance for oil-immersed transformers since the 
last review. 

It is likely that the next revision of B.S. 171 will include more 
comprehensive overloading data based on realistic loading cycles 


(2.7) Digital Computers 


T he designers’ work may be divided into two parts. First, i 
there is the design proper, and this includes 


(a) The choice of the most suitable materials and of limiting 
mechanical, electrical and thermal stresses in all parts of these 
materials and under working or test conditions. 


(6) The development of a practical means of determining these 
stresses for any particular construction. 
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This is the essence of design and is the fundamental part of 
the designers’ work. It can be done by none but skilled designers. 

The second part consists in calculating numerical values of 
all design characteristics for a given specification, and repeating 
the process by trial and error until the combination has been 
reached which satisfies the specification requirements whilst 
meeting all the stress limitations. The number of trials required 
(‘iterations’ is the modern term) depends on the experience of 
the designer, who can frequently make a shrewd and accurate 
initial guess which needs merely minor adjustments. The work 
is purely arithmetical, and, if the number of iterations is ignored, 
needs no design skill or engineering knowledge. It could be 
done by junior non-technical assistants were it not that the 
number of trials or iterations would, in general, be too much for 
human fatigue limits. 

It is this part of the designer’s work that can be done by the 
digital computer.?° 2! It is accurate in its calculations, however 
numerous and complicated. It can carry out, if necessary, a 

large number of iterations with ease and continue with successive 
approximations until a result is achieved which meets completely 
the design and specification requirements. Fig. 2 shows a 
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Fig. 2.—Example of computer design by trial and error of a 72 MVA 
3-phase 13/141 kV transformer (Fig. 7 of Reference 21). 


Tron loss. 
—-—-— Load loss. 
----- Reactance. 


(a) Test No. 1. 
(6) Test No. 2. 


typical example of computer calculations for a 72 MVA 13/141 kV 
3-phase transformer. The effect of the digital computer is thus 
to speed up the calculations and free skilled and experienced 
sesigners of much of the mental drudgery connected with the 
‘ask. The computer can also be used for incidental work of a 
i.borious nature such as the precise calculation of reactance, 
eddy-current loss, surge stresses, mechanical forces and thermal 
©aracteristics. 
Much work has been necessary in adapting design calculations 
{+ computer techniques and in programming the information 
ied into the computer in a form assimilable by it. The extent 
++ which the computer will take over the whole field of design 
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calculations remains to be seen, but its potential ability to per- 
form the functions just described is already established. 


(3) LARGE POWER TRANSFORMERS 


There has been a comparatively rapid increase in the size of 
transformers due to increases in both the voltage and the apparent 
power rating which, abroad, reached to 400kV and 600 MVA. 
In this country, transport restrictions are relatively severe, but 
3-phase units of 345MVA 22/165kV rating are being built as 
well as large single-phase units! of 330kV. 

The modern practice of superimposing higher-voltage systems 
on existing networks has increased the use of auto-transformers 
for interlinkage, especially for 132/275kV and 275/400kV com- 
binations. It is now the usual practice to choose 3-phase units 
wherever transport conditions permit, if necessary using 5-leg 
3-phase cores. For the 400kV range, however, single-phase 
units become essential, and here the overall height can be 
reduced by means of 4-leg cores. 

When transport limitation is weight rather than dimensions, 
aluminium-alloy tanks have been used in isolated cases. 

Weight reduction, due both to a lighter tank and a saving 
in oil quantity can be obtained when the tank walls curve both 
in plan and elevation, the profile following, as far as possible 
the contour of the windings with the appropriate clearance.! 


Fig. 3.—24MVA single-phase 254kV generator transformer in 


contour-type tank. 


Fig. 3 shows a typical example. The design is economical in 
material, since thinner plates may be used and much less 
stiffening is required. 


(3.1) High-Voltage Windings 


For large power-transformer windings, design is as much a 
thermal and mechanical problem as it is electrical. 

The multi-layer winding described in the last review as ‘a 
recent development’ for large transformers has established itself 


244 NORRIS: TRANSFORMERS, 


largely because of its inherent surge strength. However, the 
conventional disc-coil winding is by no means superseded. Its 
surge strength has been improved by various methods of elec- 
trical shielding and interleaving, and it has its own advantages 
in mechanical strength and thermal design. Both types of wind- 
ing are in use—most makers being in a position to use either, 
depending on their particular assessment of the individual merits 
of each case. 

The use of solid wrapped tubes of thin multi-ply paper as 
major insulation, also referred to in the last review, has 
advantages in permitting a compact disc-coil winding arrange- 
ment for the highest voltages, especially where a relatively low 
reactance is desired. 


(3.2) Mechanical Strength 


The mechanical stresses in power transformers have steadily 
increased with transformer size and capacity of the supply- 
system.?” 24 Short-circuit currents are generally based on the 
breaking capacity of circuit-breakers, which has increased in 
25 years from 1 500 to 25000 MVA. 

The position has been accentuated in recent years by the 
established practice of auto-reclosing, which makes repeated 
switching on to possible faults a normal practice, and the intro- 
duction of fault throwing for inter-tripping purposes, where 
short-circuits are deliberately created under normally controlled 
conditions. The more recent use of line-earthing switches 
increases the average severity of earth faults without reducing 
their frequency. 

Because of these developments there has been considerable 
study of the mechanical stresses in transformer windings,?? 
including the derivation of formulae for calculating these stresses 
and the analysis of the resulting performance of the transformer 
in service. 

A major factor in the ability of transformers to withstand 
short-circuits is the limiting mechanical performance of the 
materials used in their construction.2> Emphasis is usually 
placed on the axial forces which may arise in the winding stacks, 
due particularly to dissymmetry, and which must be largely 
resisted by insulating materials. However, for the very large 
ratings now being considered, the tensile characteristics of the 
winding conductor to resist the radial forces may well prove the 
limiting factor. 

The cumulative effects of repeated short-circuits are being 
studied, both with regard to radial stresses and stress/strain 
relations for stacks of coils, and forecasts of the mechanical life 
in service of given transformers have been made. It is clear 
that the mechanical strength of a transformer is not a simple 
single value as it is generally assumed; some strains are pro- 
gressive and some of the stresses are cumulative, leading to 
short- and long-term characteristics. 

Suggestions have been made for predetermining the perfor- 
mance in service of a given transformer and its expectation of 
life in terms of the number of short-circuits for any given service 
condition. 


(3.3) On-Load Tap-Changing Gear 


The major development in the period under review has been 
the pronounced trend towards resistor- instead of reactor-type 
switching.*° The relative merits of the two systems were given 
in the last review. While each type can be designed quite 
satisfactorily for any given service, the resistor type is more 
suitable for high-voltage operation and the switching duties are 
easier. There has consequently been considerable development 
in the high-speed spring operation of transfer switches, giving 
arcing times within one half-cycle with correspondingly reduced 
burning of contacts. Whereas contact lives of the order of tens 
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of thousands were once considered satisfactory, the aim now is 
more in the region of hundreds of thousands.?7 

One disadvantage of the resistor method is the number of 
tapping connections required, but these can be reduced in the 
larger ranges by using reversing switches in combination with 
half the range of tappings or by separate coarse and fine selector 
switches. 

The growing use of auto-transformers in high-voltage systems, 
mentioned in Section 3.3, has rendered the usual connection 
of on-load tap-changing gear at the transformer neutral point 
relatively inefficient even for directly earthed systems. For 
an auto-transformer of 2:1 ratio, for example, the necessary 
tapping range would be doubled. An important develop- 
ment during the last few years has been the design of tap- 
changers insulated for direct connection at the line terminal % 
of the lower-voltage systems.! A typical example is the use of 1 
tap-changers at the 132 kV line point of the 120 MVA 275/132kV | 
auto-transformers installed in the British Supergrid system.4? © 
This is the first time that on-load tap-changing gear has been 
used directly in such a high-voltage line, and it represents a 
major step forward. The size of the step will be obvious when 
it is realized that the whole of the switching gear and tapping 
connections must withstand the full surge tests with chopped 
and full waves for the 132kV system. In some cases a measure 
of voltage control under surge conditions is obtained by non- 
linear resistors housed in the selector switch tank and connected 
across the tappings. 

The trend mentioned in the last review towards the use of 
on-load tap-changing gear on generator transformers has con- 
tinued, usually with a reduced range of voltage control and 
fewer tappings than for transmission transformers. 

Hitherto, on-load tap-changing gear has developed inde- 
pendently in different countries, and more or less indepen- 
dently among different manufacturers in the same country. In 
recent years there has been more international effort towards 
a common practice and eventually some degree of standardiza- 
tion by means of International Study Group Discussions and 
Conferences at C.I.G.R.E. British engineers have made 
important contributions to these discussions, which are sum- 
marized in Reference 26. 


(3.4) Preventive Maintenance 


The susceptibility of transformer oil to depreciation from 
internal or external causes has long been a problem in service 
maintenance. The general practice in this country is still the 
well-known conservator and dehydrating breather with some 
form of Buchholz or gas-detecting relay. Some progress has 
been made in the practical analysis of evolved gas to assist in 
determining the origin of breakdown.?* It is found, for example, 
that the presence of carbon monoxide in the evolved gas indicates 
the burning of solid insulation as distinct from that of oil alone. 

Efforts to protect the oil from oxidation by nitrogen sealing 
with automatic pressure regulation have become common in 
America. It is being realized, however, that changes in tem- 
perature and pressure which can occur in service are liable to 
release dissolved gas in the oil in the form of minute bubbles 
which can seriously affect the electric strength of a transformer, 

A recent nation-wide examination in the United States of a 
large number of transformers in service, of all ages and selected 
at random, has shown negligible signs of progressive deteriora- 
tion of the oil in service even over many years.2° 


(4) DISTRIBUTION TRANSFORMERS 


At the beginning of the period of this review the then British 
Electricity Authority had agreed with transformer manu- 
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facturers on a standard specification for distribution trans- 
formers (B.E. Specification T.1). It covered transformer ratings 
of 5-1000kVA 3-phase and voltages of up to 33kV. The 
introduction of this specification had a profound and progressive 
effect upon the design and construction of distribution trans- 
formers in this country and has also contributed important 
economies to transformers for export.!9 The replacement of a 
large number of varied designs by one standard for each size 
has made possible a detailed study of each design and a closer 
approach to optimum proportions. 

This introduction of repetitive manufacture of transformers 
‘to standard designs enables the whole production planning to 
ibe reorganized to give a shorter manufacturing time cycle at 
ja lower unit cost. Each size of transformer can be planned for 
‘batch production, the most economical batch size being deter- 
imined by factors such as the total number of man-hours per unit, 
yproduction-line capacity, impregnation and processing cycles, 
‘setting-up times, and machine loading. Components and sub- 
assemblies common to a number of different ratings of trans- 
‘formers can be grouped together and planned for quantity 
production for stock, with consequent reduction of unit cost. 

Repetition of standard batches enables the purchases of raw 
materials to be in sizes to suit the most economical cutting of 
;components such as tank plates, clamps, tubes and insulation, 
‘with subsequent reduction in material wastage. 

The use of jigs and templates, for drilling, bending, punching 
jand many other operations, eliminates the lengthy operations 
yof individual marking-out, and ensures greater accuracy in 
yconstruction.!9 

Inspection is simplified and expensive rectification work in 
jlater assembly operations is eliminated. The provision of 
jadequate jigs and tooling can now be justified with long runs 
jof standard units, where formerly it was not feasible. 

Similarly, mechanical handling aids, such as mechanized 
(conveyors and pallets, require that the product handled shall be 
iveasonably standardized. Many distribution transformers are 
/being manufactured on roller-conveyor production lines. The 
jcreation of stocks of complete standard transformers enables 
ypeaks in the manufacturing load to be more easily eliminated 
jand customers’ short delivery requirements to be met. Prior to 
ithe introduction of B.E. Specification T.1, this manufacture for 
tstock could only be undertaken on a very limited scale, and 
ithen only at considerable risk to the manufacturer. 

For the smaller transformers of 5-15kVA single-phase usually 
/known as rural transformers, where iron loss is of great 
jimportance, grain-oriented steel is particularly effective, and 
ithis is utilized in the most efficient way by some form of wound 
jor clock-spring core.!? The superior magnetic properties of 
such cores over the interleaved types result in the iron loss being 
reduced to 25-30%, the magnetizing current by some 70% and 
Ithe core weight by about 10%. Fig. 4 shows the core and 
ywindings of a single-phase rural transformer with wound core 
jand polyvinylacetal conductor insulation, as mentioned in 
(Section 3.2. 

Grain-oriented steel in continuous sheet form is becoming 
‘available in this country, and will promote many advances in 
ithe methods used in laminated-core production. The installa- 
ition of gang slitting machines, automatic feed mechanisms, and 
«<entinuous annealing furnaces will all result in quicker produc- 
‘on rates, with reductions in the material and labour required 
fer this operation. 

Complete elimination of the very small fire risk associated 
with the use of transformer oil is sometimes justified in particular 
iwstallation conditions, and can be achieved either by the use 
‘0! dry-type transformers (considered in the next Section) or by 
‘7ans of a non-inflammable synthetic liquid of the chlorinated 
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Fig. 4.—Core and windings of a single-phase rural-type transformer 
with wound core and polyvinyl-acetal insulated conductor, 


diphenyl type. Its insulating and thermal properties make it 
suitable for replacing transformer oil.!° On the other hand, itis 
a solvent for many of the resins and plastics normally used in 
transformer construction. It is much heavier than transformer 
oil, it has a lower thermal conductivity and a higher evaporation 
rate. These restrictions can, however, all be taken care of in 
the design with some increase in cost, which is much accentuated 
by the relatively high cost of the fluid itself. Its application has 
thus been restricted hitherto to cases where the fire risk is 
particularly serious. 


(5) DRY-TYPE TRANSFORMERS 


The stimulus given to dry-type transformers, by the intro- 
duction of new synthetic resins and plastics capable of with- 
standing much higher temperatures than the usual organic fibres, 
has induced transformer makers to develop and market new 
designs using these newer materials, generally in combination 
with grain-oriented sheet steel. 

This development is greatly complicated by the large number 
of different materials and their combinations now on the market 
covering a wide range of electrical, thermal and mechanical 
properties. The initial attempt to include them in a new Class-H 
insulation with an appropriately higher temperature limit has 
proved quite inadequate. Additional classes were introduced, 
still with attempts to associate particular insulating materials 
with a particular class. Such classifications are standardized in 
I.E.C. Recommendations 853! and in B.S. 2757,°° with definitions 
of seven classes. 

The practical difficulty of including all the new materials 
continuously being introduced under different trade names by 
every manufacturer of insulating materials forced the inclusion 
in each class definition of the clause ‘other materials or com- 
binations of materials may be included in this class if by 
experience or tests they can be shown to be capable of operation 
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at the class temperature’. Such a clause is open to wide inter- 
pretation affected by innocence, ignorance or optimism, and the 
situation clearly needs some closer control. 

The problem has been receiving consideration in the United 
States, where dry-type transformers are much more widely used 
than in Europe.*? It is recognized that the properties of many 
insulating materials cannot be determined solely on the basis 
of their composition. With the greatly increased number and 
variety of insulation materials that are available, and in view 
of the very wide range of their properties, it is necessary to 
determine the performance of each insulating material and its 
appropriate temperature limits by actual tests. It is also 
recognized that there are many distinct components in the 
make-up of the complete insulation system of a particular 
equipment, each component having a different function to per- 
form and each being subjected to different mechanical and 
electrical stresses, and often to different temperatures. 

Therefore, in the revision of the American I.E.E. Standard 
No. 132 a clear distinction is made between the temperature 
classification of insulating materials and the assignment of 
limiting temperatures for complete insulation systems. Test 
procedures are being developed for this purpose and for different 
classes of apparatus. A sample or prototype is subjected to a 
high temperature for a prescribed period, and its condition is 
checked by applying a suitable voltage. The process is repeated 
until failure occurs. Vibration, moisture and other auxiliary 
means may be employed to develop and detect weaknesses in 
the insulation. For smaller apparatus, full-scale prototypes are 
tested, whilst, for the larger apparatus, standardized models are 
specified.*4 

The wider use of dry-type transformers, where cost is a 
consideration, is restricted in this country largely to applications 
where the fire risk is so serious that special precautions -are 
justified. 


(6) VOLTAGE REGULATORS 

On-load tap-changing gear, considered in Section 3.3, is, in 
general, not normally fitted to distribution transformers for 
either rural or urban networks. This is partly because on-load 
tap-changing gear is relatively more expensive for the smaller 
sizes of transformers and partly because the voltage regulation 
is more effectively and economically applied somewhere along 
the feeder or distributor. 

Automatic voltage regulators are standardized for this purpose 
in pole-mounting, feeder-pillar or street-pit construction. They 
can be quickly installed to correct excessive voltage drops due 
to growth of load or extension of feeder and thus postpone 
capital expenditure on the more expensive remedies of additional 
lines or substations. Even where the voltage regulation is 
within the prescribed limit, automatic voltage regulators can 
often be justified by the resulting increase in revenue. 

The practice of maintaining a floating stock of these standard 
regulators has been simplified recently by series-parallel coil 
connections giving alternative voltage ranges and ratings for 
each standard size of regulator. 

There has been a steady increase, accentuated by the growth 
of automation, in the automatic control by voltage regulators 
of industrial processes in many fields—electrochemical, metal- 
lurgical, textile, etc. In many cases the regulator takes the 
material automatically through a complex programme of 
thermal, mechanical, chemical or electrical treatments. The 
extent of this work is not generally realized, as applications are 
usually concerned with modern developments, and they are 
competitively confidential and so receive little publicity. 

In a recent development, the moving-coil regulator, in addition 
to its normal duty of controlling voltage for regulation or pro- 
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cessing work, is provided with means for releasing the moving 


coil instantly so that the voltage can be reduced to zero in less | 
than a second. Loads can thus be switched on or off without | 
any switches, and even short-circuits can be handled gently and } 
smoothly (again in a fraction of a second) without breaking arcs | 
The mechanical forces due to the short- } 
circuit accelerate the clearing operation. The initial application | 
of this construction has been to v.h.f. transmitting equipments.*> 
All main and auxiliary contactors and fuses are eliminated in | 
the power-distribution circuits, and no sequential starting-up |) 


or power currents. 


processes for filaments, water supply, etc., are necessary. 


(7) REACTORS 


There has been little change in the design and construction of [ 
either series or shunt reactors. Further study has been given to A 


the determination of eddy-current and stray losses in both 


windings and tank due to leakage flux.7° This is a much more | 
difficult problem in reactors than in transformers, since the [ 


so-called leakage flux can be a large proportion of the total. 
The growth of very long high-voltage lines has increased the 
demand for shunt reactors. For large transmission systems 


they are frequently connected to the tertiary windings of the 7 
main auto-transformers, but sometimes it is desirable to locate © 
them directly in the high-voltage lines, and orders for 275kV / 


reactors have, in fact, recently been placed. 


(8) MINING-TYPE TRANSFORMERS 


Interest has been shown by the National Coal Board in non- 
flameproof transformers of up to S5OOkVA, as against the 


300kVA previously envisaged. This advance to SOOKVA can | 


be achieved with little increase in the dimensions, primarily 


owing to the use of grain-oriented sheet steel (Section 2.1). — 
P.108/1954 and 


National Coal Board Specification Nos. 
P109/1954 deal with standard and universal non-flameproof 
mining-type transformers for use below ground.37: 38 


Mining conditions clearly emphasize the attraction of oil : 
Dry-type transformers for 100kVA in flame- — 


elimination.*° 
proof enclosures complying with B.S. 229: 1946 are being 


manufactured. Such transformers are in use in the United 
States and on the Continent although the definition of flame-— 


proof enclosure is somewhat variable. 
Discussions have taken place with the National Coal Board on 
the use of dry-type transformers at the coal face. Nitrogen 


filling for the transformers in a non-flameproof tank may be ~ 


permissible, even though the equipment may be required for 
use at the coal face. Consideration has been given to the manu- 


facture of transformers using insulation to class H or C of 


B.S. 2757: 1956. 

As stated in Section 5, dry-type transformers are normally 
appreciably more expensive than oil-immersed types. 
theless, the advantages of oil elimination and the possible 


saving in weight and space due to the use of high-temperature 
insulating materials such as glass-fibre and silicones are so 


attractive that, in due course, a dry-type construction may be 


evolved which will come into general use to the exclusion of the 


usual oil-immersed type. However, this state has not, as yet, 
been reached. 
(9) RECTIFIER TRANSFORMERS 

The main development has been the increase in the size of 
units required and the addition of phase-shifting arrangements, 
either on the main windings or as separate auto-transformers 
mounted in the main tanks. In respect of size, it may be noted 
that equipments for 12 MW have been supplied. 


Never- — 
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Much progress has taken place in connection with germanium 
and silicon rectifiers, and these appear to have a considerable 
future. Transformers for these rectifiers do not require complex 
winding connections and are not subject to the heavy mechanical 
and voltage surges experienced with mercury-arc rectifiers, but 
‘these developments are still in the early stages. 

The 50c/s electrification of sections of the British Railways 
‘main lines involves practically a new departure in transformer 
idesign.4° Transformers are required for use on both 6.6 and 
.25kV 50c/s supplies. 

The main transformers can be divided into two groups—up 
ito 1MVA for motorcoach units with the equipment mounted 
}on the frame underneath the floor, and from 1 to 4MVA for 
‘locomotives with the equipment mounted above the floor. 
‘Both types have to be designed to give minimum weight for 
\their output, and the use of grain-oriented steel at high flux 
densities has helped to achieve this. High current densities 
‘with high flow and forced oil cooling are also employed. 

The motorcoach main transformer has to have very low 

sheadroom, while other dimensions are limited by the con- 
; structional details of the underframe. The dual primary voltage 
»requires that a series-parallel switch be accommodated in the 
‘iwansformer tank. Low-voltage regulating tappings are used 
) with the tap-changer. 
For the locomotive, the main transformer dimensions are not 
/s6 important, but the core and windings are more complicated 
1as the high-voltage method of tapping is normally used. In this 
1 method a tapped auto-transformer feeds a constant-ratio double- 
wound transformer. For the necessary number of control 
notches, up to 40 tappings may have to be made to the auto- 
|transformer through a high-speed oil-immersed tap-changer. 
The dual primary voltage is accommodated by a tapping on the 
auto-transformer which must be capable of handling the full 
‘apparent power. Headroom is limited to a certain extent, and 
\the high-voltage bushing has to pass through the roof of the 
(locomotive. 

Other equipment, such as smoothing chokes, auxiliary trans- 
‘formers, magnetic amplifiers, etc., are required on both types of 
stock. These can either be included in the main oil-cooling 
‘circuit, or, if mounted separately, can be provided with large 
quantities of cooling air arising from the train movement. 


(10) FURNACE TRANSFORMERS 


Up to a few years ago the largest furnace transformers in use 
iin England were of the order of 8MVA on an 11kV supply. 
'The secondary-voltage range was obtained by varying the 
primary winding, the tappings being changed by an off-load 
\switch following the opening of the main circuit-breaker. The 
\wide variation in secondary voltage, of anything up to 75%, 
(required a correspondingly wide variation in flux density, but 
\the actual winding variation was kept to a minimum by using a 
\star/delta change-over. 

As the rating increased, it was desirable to use higher-voltage 
isupplies, of 33 or 66kV, and from the point of view of the furnace 
‘ to be able to vary the voltage on load. The star/delta change- 
over was considered impracticable with on-load tap-changing, 
sand the primary-winding tapping range would therefore have 
| had to correspond to the secondary-voltage range. Such an 
arrangement, particularly with the higher supply voltages, can 
«result in serious over-voltages on the tap-changer, and in view 
}e* this and the increasing load current, a separate regulating 
‘unit may be used. This may be of the auto- or double-wound 
‘tye, and it has a tapped secondary winding corresponding to 
tthe voltage range required on the primary winding of the main 


J nace transformer. 
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The on-load tap-changing gear relieves the main circuit- 
breakers of the very frequent operation (upwards of 100000 
times a year) hitherto required by off-load tap-changing, and 
reduces it to an annual figure of 5000-6000, which is within the 
capabilities of large air-blast switchgear. 

Recent installations include a 20MVA 3-phase arc-furnace 
transformer, operating directly from a 66kV supply. 


(11) HIGH-VOLTAGE TESTING TRANSFORMERS 


An essential requirement of a high-voltage testing equipment 
is a sinusoidal high-voltage waveform, especially for cable testing 
where dielectric loss measurements are important. 

With the usual capacitive loads, there is always a possibility 
of resonance between the load capacitance and transformer 
reactance. If this should happen, as it well may, at one of the 
supply-frequency harmonics, the waveform of the terminal 
voltage will be distorted. A recent development*! which is 
rapidly extending is to substitute for the conventional trans- 
former a series circuit having a variable reactor tuned to resonate 
with the test capacitance at 50c/s. Since the circuit is now 
deliberately in series resonance at the fundamental frequency it 
cannot resonate at any of the harmonics, and this type of wave- 
form distortion is eliminated. 

In the larger higher-voltage testing equipments where trans- 
formers are connected in cascade, the voltages across the trans- 
formers are not equal, owing to uneven distribution of the 
circuit impedance. In the series-resonant circuit this division 
depends on the impedances of all transformer-reactor units, which 
are identical and under control. 
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Fig. 5.—Diagram of series-resonant circuit for high-voltage testing 
transformers. 


The circuit is shown diagrammatically in Fig. 5. A con- 
tinuously-variable reactor of the moving-coil type is used to 
tune with the load capacitance at the fundamental frequency. 
The voltage regulator for varying the voltage requires sufficient 
rating to supply the losses of the circuit only. 

The only limitation experienced with this circuit is that there 
is a lower limit to the test capacitance, since a reactor of infinite 
reactance would be required to tune with a zero-capacitance 
load. In most cases this limit is below the minimum capacitance 
of any test specimen, but otherwise a suitable dummy load must 
be connected in parallel with it. 

Progress in the design of high-voltage transformer windings 
and bushings has made possible the outdoor installation of the 
transformer with considerable saving in building capacity owing 
to the large clearances that would be necessary if the trans- 
former were installed inside. Fig. 6 shows a single-unit 1 MV 
transformer recently supplied to the National Physical Labora- 
tory, together with a 1 MV double-ended wall-condenser bushing 
enabling the full voltage to be brought into the Laboratory. 


(12) ACKNOWLEDGMENTS 
Acknowledgments and thanks are due to the National Coal 
Board, the Central Electricity Generating Board, the Electrical 
Research Association, the National Physical Laboratory and to 


248 


Fig. 6.—Single-unit 1 MV 50c/s outdoor testing transformer with double-ended wall bushing. | 
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THE BREAKDOWN OF TRANSFORMER OIL UNDER IMPULSE VOLTAGES 
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(The paper was first received 29th March, and in revised form 2\st June, 1957. It was published in September, 1957, and was read before the 


NorTH-WESTERN MEASUREMENT AND CONTROL GRouP 18th February, and before a joint meeting of the MEASUREMENT AND CONTROL ; 


SECTION and the SUPPLY SECTION 7th January, 1958.) 


SUMMARY 

The breakdown of pretreated transformer oil has been studied under 
controlled conditions with microsecond-duration impulse voltages. 
The oil was filtered, degassed and dried in a circulatory oil-cleaning 
system, and 3-gallon samples were tested in a glass test-cell with voltages 
of up to 500kV. The strength was found to depend, not only on the 
duration of the voltage, but also upon the manner in which it was 
applied. Several experiments are reported in which oil of a consistent 
quality was tested to study the effect of such factors as the size, material 
and preparation of the electrodes. In all these tests the strength was 
found to vary as the test proceeded—an effect known as ‘conditioning’. 

It is shown that one of the main factors which determines the break- 
down strength obtained is the presence of microscopic gas bubbles on 
the surface of the electrodes, and these, together with solid particles 
and fibres in the oil, may well account for the low strengths obtained 
by previous workers who used undegassed or unfiltered oil. 


(1) INTRODUCTION 


Oil of vegetable or mineral origin has been used for electrical 
insulation since the beginning of the century, and it is therefore 
natural that the causes of breakdown in liquid dielectrics should 
have been the subject of much research. In recent years there 
has been a tendency towards the testing of small samples of 
carefully purified oil, and this has been accompanied by a decrease 
in the scale of the apparatus employed and the use of lower test 
voltages. The work reported in the paper was undertaken to 
study the impulse breakdown of larger samples of pretreated oil 
with higher voltages, and thus to find the increase in strength 
which might be obtained in practice by pretreatment of the oil 
and to show the relevance of small-scale tests to industrial require- 
ments. The results given constitute the preliminary measure- 
ments in the investigation, and are so presented as to emphasize 
the dependence of the measured breakdown strength on the test 
procedure adopted and the electrodes used in the tests—points 
which are not always sufficiently appreciated. For example, 
variations in the recorded uniform field strength of as much as 
30% may result from the manner of application of the voltage, 
and a change of 50% may be brought about by the method of 
preparation of the electrodes. 


(2) APPARATUS 


(2.1) The Test Cell 


All previous work on the breakdown of transformer oil at 
voltages in excess of 200kV has been carried out in open test 
cells,!~3 usually consisting of an insulating container with a high- 
voltage bushing partially immersed in the oil to support the 
upper electrode. With such an arrangement the oil is open to 
contamination from dust and moisture in the atmosphere. 
Furthermore, the test gap has rarely been under observation 
during the test, since opaque containers have been generally 
employed. One of the main problems in the design of a cell 
is to keep the volume of oil required for each test as small as 


Dr. Tropper is, and Dr. Hancox was formerly, in the Department of Electrical 
Engineering, Queen Mary College, University of London. 
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possible. Goodlet, Edwards and Perry,' working with voltages 
of up to 900kV, used an open cell with a capacity of 270 gal. 
In the present work, by careful design, it has been possible to 
construct a totally enclosed cell capable of withstanding 600kV, 
yet requiring only 3gal of test liquid. The working voltage 
could probably be further increased to 800kV by the use of 
suitable stress distributors. The test cell, which is shown in 
Fig. 1, was constructed from three sections of standard Pyrex 


HIGH- VOLTAGE BUSHING 


TEST CHAMBER 


Fig. 1.—Test cell (1/24th full size). 


For clarity, only one of the connections to the oil-cleaning system is shown. 


glass pipe-line. 


diameter Pyrex pipe, with a concentric brass conductor of 14in 


diameter, terminated at the lower end by means of a tapered — 


glass section. The top and bottom of the test chamber consisted 
of Perspex discs, and the cell was made vacuum-tight by means 
of Neoprene gaskets. The oil was admitted to, and taken from, 
the cell by means of four glass tubes passing through vacuum 


[ 250 ] : 


The test chamber itself was 9in in diameter | 
and 18in high, and was surmounted by a high-voltage bushing : 
which was permanently filled with oil similar to that used in the 
tests. This bushing consisted essentially of a 5ft length of 6in- 


; 


| 
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seals in the base of the test chamber, which was completely filled 
with oil during the tests. 

In all the tests reported in the paper (with the one exception 
noted in Section 4.2) the electrodes took the form of hemispheres 
or hemispherically ended rods, thus giving an approximately 
uniform field for small gap settings. High-voltage electrodes 
up to 3in in diameter could be accommodated in the cell by 
screwing them to the bottom of the high-voltage bushing. An 
earthed electrode of up to 6in diameter could be mounted on an 
adjustable support which passed through a sliding vacuum seal 
in the base of the test chamber and was connected to a micro- 
meter. Gaps of up to 6in could be obtained, and could be 
measured. with an error of less than +0°5% by means of 
ground spacers used in conjunction with the micrometer. 


(2.2) The Oil-Cleaning System 


The test cell was connected to a circulatory oil-cleaning system 
in which solid particles and fibres, together with a large propor- 


tion of the dissolved gas and moisture, in the oil could be 
removed. This was accomplished by passing hot oil through a 
. sintered-glass filter of 20-30 microns pore diameter (No. 3 


| 


porosity) into a vacuum. The method is similar to that used 
sy Watson and Higham.* The oil could be filtered as many 
times as required before being admitted to the test cell, each cycle 
iaking between 4 and 6 hours when the oil was heated to 70°C. 

The cleaning system was of all-glass construction except for 


‘ some sections of the vacuum line, and is shown in Fig. 2. For 
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Fig. 2.—Oil-cleaning system (1/16th full size). 


isimplicity, the glassware was connected together by means of 


standard cone-and-socket joints, but difficulty was experienced 
in keeping these vacuum tight, since any sealing grease was 
slowly washed away by the combined action of the vacuum and 


arm oil. Finally, a technique was devised using ungreased 
j@ nts over which a polythene sleeve was welded. This was found 


#6 give a good vacuum joint which could easily be broken when 


“m@ezessary. A vacuum of between 0-1 and 0-01mmHg could 


che maintained by means of a high-capacity rotary pump, and the 
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system was normally kept under vacuum at all times except 
during a filtering cycle or a test. When it was required to keep 
the system under atmospheric pressure for any length of time, 
nitrogen was admitted instead of air, to reduce oxidation of the 
oil. In either case, any gas admitted to the system was dried 
by passing it through calcium-chloride and phosphorus- 
pentoxide tubes and then through a sintered-glass filter of 
5-10 microns pore diameter (No. 4 porosity). 


(2.3) The High-Voltage Circuit 


The impulse voltage was derived from a 1000kV 6-stage 
Marx-—Goodlet impulse generator supplied from a 180kV d.c. 
Cockcroft doubling circuit.> This generator had the advantage 
of a low output capacitance, thus limiting the energy dissipated 
in the discharge when breakdown occurred. In order to limit 
further the damage to both the oil and the electrodes when 
breakdown occurred, no additional load capacitance was 
included in the circuit and the highest possible wavefront 
resistance was used. Under these conditions the impulse gene- 
rator gave an approximately 2/60 microsec voltage waveform, 
but subsidiary measurements have shown that the breakdown 
strengths obtained under these conditions are not likely to be 
more than 1% below the values that would have been obtained 
with a standard 1/50 microsec voltage waveform. 

In the course of the investigation a 3-stage high-voltage 
surge diverter incorporating a trigatron became available,® with 
which it was possible to short-circuit the impulse generator 
within a few microseconds of breakdown occurring. This further 
reduced the damage to the oil, but had no effect on the break- 
down strength, and so was seldom used since it made the opera- 
tion of the equipment more difficult. The circuit arrangement 
and component values are given in Fig. 3. 


| SURGE- Baal 


fe CIRCUIT =e 


Fig. 3.—High-voltage circuit. 


Ry, wave-tail resistor, 33kQ. 

Ro, short-circuit resistor, 660 Q. 

R3, wavefront resistor, 20kQ. 

Impulse-generator capacitance per stage, 0-018 uF. 
Surge-diverter capacitance per stage, 5O0pF. 
Test-cell capacitance, 65 pF. 


(2.4) Voltage and Time-Lag Measurements 


Because of the position of the wavetail resistor in the high- 
voltage circuit, it was impossible to use this as a voltage divider 
for measurements in the normal manner. It was therefore 
decided to calibrate the impulse generator by means of an impulse 
peak voltmeter used in conjunction with a high-impedance 
capacitive voltage-divider across the test cell. The voltage 
waveform was recorded independently between breakdown tests 
by using the test cell itself as the high-voltage capacitor of a 
voltage divider. 

The circuit for the peak voltmeter is shown in Fig. 4, and 
operates as follows: The capacitors C, and C, form a high- 
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PAsye (3.2) Test Procedure 


A feature of previous investigations, especially those using high 
voltages, has been the large scatter in results during each test, 
coefficients of variation of between 5% and 20% having been 
obtained. In such experiments, large numbers of breakdowns 
are required in order to obtain a mean strength with any accuracy. — 
45v In the present work it was considered more profitable to spend 
time and care in the preparation of the oil and the electrodes 
and also in performing the tests in order to reduce this scatter. | 
As a result of this, it has been possible to reduce the coefficient 
of variation in many of the tests to below 5%, which represents | 
a marked improvement. Throughout the investigation great 
attention has been paid to the reliability of the results, and all 


NEGATIVE IMPULSE 


EM ieee HEE YIN oN the tests reported in the paper have been repeated several times. | 
Re 10000MQ. In some cases the tests were repeated with new samples of oil | 
Cs. 0001 5 uF. after some 12 months and the same results were obtained. __ 
C4, 0-02 uF. The testing technique which has been employed by the majority — 


of previous workers, and which is therefore referred to here as | 
voltage potential divider during the front of the voltage waveform. the normal technique, consists of the application of a series of / 
After the peak of the impulse has passed, the charge collected impulses of increasing magnitude until breakdown occurs. ‘The | 
on C>, which is proportional to the peak voltage, is divided breakdown strength is then calculated from the peak value of the 
between C, and C;, and between C; and Cy after the operation impulse which caused breakdown. The rate at which the impulses 
of the switch. This reduces the voltage to a level suitable for were applied was varied but was found to have no effect. In the 
measurement by means of the electrometer pentode. The present investigation the impulses were applied at the rate of — 
resistor R; holds the cathode of the diode at earth potential 30 per minute, increasing in peak value from 40% of the expected \ 
between impulses, and the battery and resistor R, balance the breakdown voltage in steps of 1%. This method is simple and 
thermionic current from the diode keeping C3 uncharged before gives a value of the breakdown strength for each breakdown, but 
a measurement. The auxiliary circuit may be designed to allow it is valid only if the application of successive impulses before 
the measurement of the peak value of a single impulse or of a breakdown does not affect the breakdown strength. There is no 
series of increasing impulses. The instrument was calibrated by evidence to suggest that the insulating properties of the oil are 
replacing the test cell with a standard high-voltage capacitive adversely affected in these circumstances, but rather that the 
voltage divider of approximately the same capacitance and using strength is raised. This led to an alternative test procedure. 
a cathode-ray oscillograph. In this way an error of less than A different method of measuring the minimum voltage required — 
+2% in the voltage measurement was obtained. Since the con- to break down an insulating gap is that adopted by Sorenson.? 
struction of this voltmeter, a similar instrument has been An impulse of peak value greater than that required for break- | 
described by Schwetzke.7 down is applied to the test cell, and this is followed at regular 
Automatic photographic recording of the time lags before intervals by a series of decreasing impulses until breakdown | 
breakdown was achieved by means of a cathode-ray oscillograph ceases to occur. The breakdown strength is then determined 
and pick-up aerial. The time-base of the oscillograph was from the last impulse to cause breakdown. This procedure is | 
tripped in synchronism with the impulse generator, and subse- usually adopted by investigators who are interested in the varia- 
quent breakdowns in the test cell were observed as a high- tion with over-voltage of the time lag before breakdown, and 
frequency oscillation on an otherwise straight trace. By this appears to yield a lower breakdown strength than the normal 
means, 25 impulses per inch of film were recorded, the camera technique. In order to compare these two techniques, a come * 
being controlled by means of thyratron-controlled relays. posite procedure was adopted for some of the tests reported here, 
which will be referred to as the first impulse technique. This | 
consisted of a number of breakdown measurements similar to 
(3) EXPERIMENTAL PROCEDURE the normal testing technique, except that the value of the first 
(3.1) Preparation impulse of each successive series was progressively increased 
throughout the test, with the result that a point was reached when 
breakdown occurred on the application of this first impulse. 
The strength so obtained corresponds to the minimum break- | 
down voltage as obtained by Sorenson and may be compared 
with the results obtained during the same test by means of the | 
normal testing technique. 


Before each series of breakdowns, both the oil and the elec- 
trodes were carefully prepared. When new oil was first admitted 
to the system it was subjected to several filtering and degassing 
cycles before the first test. The oil was refiltered twice between 
successive series of breakdowns, and by doing this it was possible 
to use the same sample of oil for up to six months without any 
deterioration in strength. 

The electrodes were polished on a high-speed buffing mop. : (4) EXPERIMENTAL RESULTS 
After the craters from the previous test had been removed with All the results quoted were obtained with oil of a constant / 
emery cloth, the electrodes were rough buffed on a hard mop, quality and pretreatment, being commercial oil complying ae 
care being taken to retain their shape. This was followed by one the B.S. 148: 51 and of 28 centistokes viscosity at 21°C. All | 


or two final polishings with softer mops and suitable polishing the tests were carried out at atmospheric pressure and a tem- 

compositions. After degreasing in hexane or acetone and an perature of 20°C, nominal 2/60 microsec impulses being used - 
examination under a metallurgical microscope, the electrodes except where otherwise stated. | 
were placed in the test cell, which was then evacuated. Prior to Each breakdown resulted in damage to the electrodes and’ 
each test the cell was flushed through with clean oil before being decomposition of some oil. The latter was minimized by the 
filled in preparation for the first breakdown. use of a comparatively large series resistance, but even so the 
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small cloud of carbon particles which was found in the gap 
after each breakdown had to be cleared away by circulating the 
oil in the test cell before commencing the next measurement. 
The carbon particles were too fine to be removed by a No. 4 


porosity filter, but did not affect the breakdown strength when 
distributed in the bulk of the oil. 


(4.1) The Conditioning Effect 


Several workers have reported a conditioning effect during 
breakdown measurements, i.e. an increase in strength with 
successive breakdowns, but have considered it incidental to the 
main problem. The effect was observed in the present tests with 
the normal testing technique and is reported here more fully 
since it is believed that it provides a clue to the mechanism of 
breakdown. 

The results from four similar series of breakdown measure- 
ments using the normal testing technique, in which breakdown 
measurements were made at 30min intervals with 6-:25cm 
diameter brass electrodes, are shown in Fig. 5. The electrodes 
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Fig. 5.—The conditioning effect. 
Brass electrodes, 6:25cm diameter, 2-5mm gap. 


were repolished before each series. It is seen that the first 
breakdown with new electrodes yielded a mean strength of 
480 kV/cm and that there was an increase in strength to 750 kV/cm 
during the first five breakdowns. After conditioning, the strength 
was steady to within +34°% for a further five breakdowns (with 
the exception of one, which is discussed below), after which the 
results became erratic, the mean strength falling to 640kV/cm 
and the coefficient of variation increasing to 17%. 

During the conditioning period and when a steady strength 


\ was obtained, each breakdown resulted in a single isolated pit 
| on each electrode of about 0-1mm diameter and within 20% of 


the electrode radius from the point of maximum field. When 
the results became erratic, however, multiple craters were formed 
on the cathode, i.e. the pit formed by one breakdown was almost 
coincident with one formed by a previous discharge. The 
probability of this arising from random positioning of the 
cathode pits was negligible, and therefore suggests that, under 
‘hese conditions, breakdown was initiated at those points on the 
cathode where pits had already been formed. Part of a cathode 
is shown in Fig. 6, magnified 72 times, and one single and two 
niultiple pits can be seen. 

During the course of a large number of similar tests it was 
roted that occasionally a breakdown occurred at a voltage con- 


_ sderably lower than would have been expected. One such 


y 


breakdown is seen in Fig. 5. These were found to be due to 
i ores which had entered the test cell when the electrodes were 
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Fig. 6.—Part of cathode showing a single and two multiple pits 
(magnification of 72). 


replaced and which had not been removed by flushing the cell 
with oil before the test. This was confirmed by examination of 
the test gap immediately after breakdown, when it was observed 
that the cloud of carbon particles formed by the discharge was 
not near the point of the maximum field, as was more usually the 
case. Examination of the electrodes after removal from the test 
cell also showed one pair of pits at the side of the electrodes and 
separate from the others. Such breakdowns yielded a strength 
20-40% below the mean steady value and were considered as 
spurious and hence neglected in calculating the mean breakdown 
strength. 

In one series of measurements testing was temporarily discon- 
tinued for 16 hours after eight breakdowns. When the series 
was resumed the strength was found to have fallen to approxi- 
mately the same value as for the first breakdown of a similar 
series. It was also found that if the test cell was not completely 
filled, thus allowing the oil to absorb gas, conditioning did not 
occur. 

Several series of measurements were carried out under the 
conditions already described but with the breakdowns occurring 
at Smin intervals. In these cases it was found that up to 40 
breakdowns could occur before multiple craters began to appear. 
The mean strength after conditioning was 890kV/cm, but the 
scatter in results was greater, the coefficient of variation being 
about 14%. This scatter corresponds more closely to that 
found by previous workers with high voltages, but the mean 
strength is considerably higher than has been previously quoted 
for electrodes of comparable size. 


(4.2) Dependence on Testing Technique 


In the tests reported so far the normal testing technique was 
used, but a number of tests have also been made with the first 
impulse technique, using both uniform and non-uniform field 
configurations. With this technique it is impossible to observe 
conditioning, since several breakdowns occur before a measure- 
ment is obtained, and therefore only the steady strength may be 
quoted. In order to obtain as many results as possible from 
each pair of electrodes, the measurements were made at 5min 
intervals, the other test conditions being as before. The results 
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for the uniform field test, with 6-25cm diameter brass electrodes 
and a 2:5mm gap, are summarized in Table 1, where it is seen 
that the mean strength obtained for breakdown on the first 
impulse was 680 kV/cm, which is 24% lower than the correspond- 
ing strength obtained with the normal testing technique. 


Table 1 
DEPENDENCE OF ELECTRIC STRENGTH ON TESTING TECHNIQUE 


Normal testing First impulse 


technique technique 
Mean breakdown strength, kV/cm 890 680 
Maximum breakdown strength, kV/cm 1090 710 
Minimum breakdown strength, kV/cm 600 660 
Coefficient of variation, % .. x 14 3 


A test was performed with a non-uniform field configuration, 
using a 0-S5cm diameter hemispherically ended steel rod as 
cathode and a 15cm diameter steel plate at a gap setting of 
2:75cm. The breakdown voltage for the first impulse technique 
was 260kV + 2%, compared with 380kV +6:5% for the 
normal testing technique—a difference of 32 °% of the higher value. 

A further series of breakdowns with uniform fields was per- 
formed to observe the effect of gap setting on the breakdown 
strength. Measurements were at 5 min intervals and the results 
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Fig. 7.—Variation of breakdown voltage with gap setting. 


Brass electrodes, 6:25cm diameter. 
(ON) Normal testing technique. 
X x Single impulse technique. 


are shown in Fig. 7. The difference in strength obtained by the 
two testing techniques is obvious, but in neither case is there any 
great dependence of strength on gap setting. 


(4.3) Dependence on Impulse Duration 


The preceding tests were made with an impulse voltage which 
approximated to the standard 1/50microsec waveform, and in 
order to demonstrate the time dependence of breakdown, a 
few tests were made with 2/600microsec impulses. Series of 
measurements obtained at 30min intervals, with 6:25cm 
diameter brass electrodes and 2-5mm gap, showed the same 
characteristic variations in strength as was previously noted. 
The strength conditioned from 520kV/cm to a steady value of 
680kV/cm, which is 10% below the previously recorded value 
for 2/60 microsec impulses. Erratic results accompanied by the 
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formation of multiple craters were observed at the end of each 
test. 

Time-lag records taken during tests with the 2/60 microsec 
impulses showed that breakdown occurred on or just after the 
peak of the impulse waveform, e.g. while the voltage was within 
5% of its peak value. 


(4.4) Dependence on Electrode Area 


Several tests were made with 2:5cm diameter brass electrodes + 


at a gap setting of 2.0mm. The normal testing technique was 
used, with breakdown measurements at 30min intervals. Con- 
ditioning occurred more rapidly than with 6:25cm diameter 
electrodes, often being complete after only one or two break- 
downs. Comparison of the results of several series of break- 
downs showed that two or three consistent measurements were 
always obtained after conditioning and before the occurrence of 
erratic results accompanied by multiple-crater formation. 
mean strength for the first breakdown in each test was 700 kV/cm, 
and the mean steady strength after conditioning was 990 kV/cm— 
35% higher than that obtained for 6-25cm diameter electrodes. 


(4.5) Dependence on Electrode Material 


Several investigators have performed breakdown measurements 
with a wide range of electrode materials. In the present investi- 


gation the metals which could be used were limited, since the » 


extent of the damage to the electrodes caused by the discharges 
precluded the use of plated electrodes. 
were brass, stainless steel and aluminium. 
electrodes had a diameter of 2-5cm with a gap of 2-0mm and 
the test conditions were the same as before. 


The results of these tests are summarized in Table 2. The — 


Table 2 


DEPENDENCE OF ELECTRIC STRENGTH ON ELECTRODE MATERIAL 


Steady strength Mean erratic strength 


Electrode material 


Average | Variation | Average | Variation 


kV/cm 
990 


1020 
1130 


Brass ee 
Stainless steel 
Aluminium 


tests with stainless-steel electrodes followed the same pattern 


as those with brass electrodes, a few consistent results being ' 


obtained after conditioning before multiple-crater formation 


occurred. With aluminium electrodes, however, low and erratic | 


results were obtained immediately after the first one or two break- 


downs, with an occasional high breakdown value in the course 


of the tests. These high values were fairly consistent throughout 
a number of tests and appear to correspond to the consistent 
results obtained after conditioning with brass and stainless-steel 
electrodes. This is confirmed by the fact that the erratic break- 
downs with aluminium electrodes resulted in multiple-crater 
formation on the cathode whereas the occasional high values 
caused single pits. 


cathode used. 


(4.6) Dependence on Electrode Pre-Treatment 


It was stated in Section 3.1 that the electrodes were kept in 
the test cell under vacuum before the oil was admitted for testing 


The | 


Thus the materials used | 
In each case the 


its. By the use of an anode and cathode of | 
different metals it could be shown that, for a particular sample _ 
of oil, the breakdown strength was dependent only upon the | 
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Normally the pressure in the cell during this period was only 
about 20mm Hg absolute, but in some tests it was reduced to 
0-1mm Hg or less. When this was done the strength determined 
from the first breakdown measurement of each series was much 
higher than usual and the conditioning effect was reversed. 
Both the steady and erratic strengths obtained subsequently were 
the same as before. The results for the first breakdown of a 
series with each of the three cathode materials under the two 
different conditions are given in Table 3. The electrodes were 


Table 3 


DEPENDENCE OF ELECTRIC STRENGTH FOR FIRST BREAKDOWN ON 
ELECTRODE PRE-TREATMENT 


Electric strength 


Cathode material ‘ 
Storage pressure 
0-1mmHg 


Storage pressure 
20mm Hg 


kV/cm 
1130 
1100 
1310 


Brass .. om 
Stainless steel. . 
Aluminium 


sept at the pressure indicated for 18 hours before the test cell 


was filled, and the measurement commenced. Further tests 
_ showed that the strength obtained before conditioning was 
_ independent of the pressure at which the electrodes were stored 


| 


{ 
; 


! 


4 


‘ 
» ment with the results of Harrison,® that the strength is increased 


| 


,some change in the bulk of the liquid, since little electrode 


provided that this was less than 5mm Hg absolute, but that for 
higher pressures the strength fell. 


(5) DISCUSSION OF RESULTS 


From the experimental results one may draw a number of 
interesting conclusions which are given below. They include 
the effect of the testing technique on the recorded breakdown 
strength and the dependence of this strength on the electrodes 
used for the tests. The results will be compared with those of 
previous investigations. 

Certain observations have led to a further consideration of the 
theory of breakdown, and this will be dealt with in Section 6. 

_ The tests reported in Section 4.2 on the dependence of the 
electric strength on the testing technique have shown, in agree- 


when a series of increasing impulses is applied. This effect 
was found to be more pronounced for a non-uniform field with 
the point electrode negative, suggesting that it is associated with 


| dependence would be expected in this case. 


| the results obtained with the first impulse technique. 
|they may be important from a practical point of view, since a 


At present it appears impossible to offer any explanation for 
However, 


‘reduction in strength of nearly 25% was obtained. 


Using the normal testing technique a variation in the strength 
with successive breakdowns was observed. Such a conditioning 


\effect at the beginning of a test has been reported for direct and 


impulse voltages by several workers, most of whom considered 
this effect as incidental and quoted only values of the strength 


) tained after conditioning had taken place. The strength for 


| the first breakdown may be very important in practice, however, 


jand so long as the mechanism of this effect is not properly 


uaderstood, there is no reason to quote one result rather than 


“the other. It was therefore considered important to study the 


0c« nditioning effect more carefully in this investigation. 


Watson and Higham’ suggested that conditioning was due to 


2" moval by the discharge of small fibres suspended in the oil 
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near the test gap. This explanation does not hold in the present 
investigation, since the oil was circulated in the test cell after 
each breakdown. For the same reasons conditioning must be 
associated with the electrodes rather than with the liquid. It 
was also noted that conditioning was not permanent and did 
not occur when the oil contained dissolved gas. It would there- 
fore appear probable that it is due to some form of gas layer on 
the electrodes. This explanation has previously been advanced 
by Tropper and Maksiejewski? and is consistent with the fact 
that all investigators who have reported a conditioning effect 
used degassed liquids in closed test cells. 

It was shown in Section 4.1 that the mean strength after con- 
ditioning was a function of the time between successive break- 
downs. Other workers have found that the scatter in the results 
tends to increase when the time between the breakdowns is 
reduced, although none have reported a simultaneous increase 
in the mean strength. It will be shown later that such an increase 
can easily be explained, but it is mentioned here to emphasize 
the importance of specifying all the test conditions when quoting 
results. The present investigation has shown that the measured 
strength for a given sample of transformer oil is dependent on 
several apparently unimportant factors, and it is therefore not 
surprising to find a wide variation in the results of different 
workers. 

Many of the results have shown how the breakdown strength 
was affected by the electrodes used in the tests. This has been 
found by other investigators in the past, and the present work 
confirms that, not only are the shape and size of the electrodes 
important, but also their composition. This suggests that 
electron emission occurs from the electrodes, or more specifically 
from the cathode, which initiates the breakdown process. It is 
significant that such an electrode dependence has been reported 
only when the oil tested is comparatively free from solid particles 
or fibres which would otherwise initiate breakdown at a lower 
field strength. It therefore appears that the impulse breakdown 
of carefully filtered transformer oil is similar to that of pure 
liquids, being dependent on the emission of electrons from one 
electrode and their subsequent multiplication in the bulk of the 
liquid. Tests by Crowe, Bragg and Sharbough!® confirm this. 

When 2:5cm instead of 6:25cm diameter electrodes were 
used, a considerable increase in strength was noticed. It seems 
probable that, had it been feasible to reduce the electrode size 
further, the strengths which resulted would be comparable to 
those obtained by workers who used small test samples and low 
test voltages. For example, the strengths corresponding to 
6:25cm and 2:5cm diameter electrodes were 750kV/cm and 
990kV/cm, whereas Zein El-dine and Tropper,!! using 13mm 
electrodes and 1/50 microsec impulses, reported the strength of 
treated oil to be 1450kV/cm. This shows that, in practice, it 
is impossible to obtain such high strengths in full-scale high- 
voltage equipment as have been reported for small-scale tests. 
Nevertheless, such small-scale tests indicate which factors are of 
importance if the highest possible strength is required in a 
practical case. 

No dependence on gap setting was observed, in agreement with 
previous work in which comparable gap lengths were used.!? 
In view of this, it is seen that the reported dependence on elec- 
trode area is a true area-dependence rather than a dependence 
on the volume of oil under stress. This is consistent with the 
proposed breakdown theory in which the breakdown is initiated 
by electron emission from the cathode. 

The few low electric strengths measured in a number of the 
tests, as reported in Section 4.1, confirm that fibres present in 
the oil lower its strength. The strength was lowered by between 
20 and 40%, and it is possible that the reduction would have 
been still greater if unfiltered oil had been used. Tests with 
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6:25cm diameter brass electrodes gave a strength before con- 
ditioning of 480kV/cm, whereas previous workers with similar 
electrodes but untreated oil obtained only about 320kV/cm. 
The presence of very fine carbon particles in suspension resulting 
from the decomposition of the oil did not seem to affect the 
results,!3 and nothing in the results suggests a critical dependence 
of the strength on moisture present in the oil. This effect, how- 
ever, was not specifically studied. 

The mean strength after conditioning was found to depend on 
the gas dissolved in the oil: degassed oil exhibited a conditioning 
effect, whereas undegassed oil did not. It has already been 
suggested that conditioning is associated with a gas layer on 
the electrodes, and it is probable that the dependence of the 
breakdown on gas in the liquid is due only to the effect of this 
dissolved gas on the surface condition of the electrodes. When 
the test cell is not well evacuated before being filled with oil, 
there is an increase in strength with successive breakdowns, owing 
to the gradual removal of gas from the electrode surface by the 
discharges. After a few breakdowns a steady strength is obtained 
which, however, is still below the value which may be obtained 
for the first breakdown when the test cell is well evacuated before 
being filled. Moreover, with good evacuation before the oil is 
admitted, the initial high strength is followed by a decline to the 
same steady value as in the previous case. Thus, after a few 
discharges, an equilibrium is obtained which is independent of 
the initial state of the gas layer on the electrodes, but dependent 
on the gas content of the oil. This suggests that gas may not 
only be removed from the surface of the electrodes by the dis- 
charges, but may also diffuse to the surface from the bulk of the 
liquid until a dynamic equilibrium is attained when steady results 
are obtained. If the rate of diffusion of gas to the surface is 
constant, this equilibrium will be dependent on the time between 
the discharges, and this is reflected in the increase in strength 
when the time between breakdowns was reduced from 30 to 
5 min, as reported in Section 4.1. It was also noted that multiple 
craters formed on the cathode a few hours after the beginning of 
each test, and it will be shown in the next Section that this also 
provides evidence for the diffusion of gas from the liquid to the 
electrode surface. 


(6) THEORY OF BREAKDOWN 


The results obtained in this investigation suggest that the 
impulse breakdown of treated transformer oil is due to the 
emission of electrons from the cathode and their subsequent 
multiplication in the liquid. This general picture has been 
accepted for some time for pure liquid breakdown under both 
impulse and direct voltages, although for the latter it has been 
suggested that the breakdown strength is determined by whichever 
of the two processes is least probable. Thus, with uniform fields 
the strength is solely dependent on the process of electron 
multiplication in the liquid, and no cathode dependence is found.!4 
Under impulse conditions, however, a dependence on the 
properties of both the liquid and the electrodes is to be expected, 
since breakdown is only a measure of the product of the 
probabilities of both processes occurring in a given time, although 
if the probability of one process occurring is considerably less 
than that of the other, the factors which affect this process will 
have the greatest influence on the breakdown. 

Many of the details of the two basic processes involved in the 
breakdown mechanism are not understood, particularly in the 
more complex problem of breakdown in transformer oil. The 
results of the present investigation, however, have shown that the 
emission of electrons from the cathode is influenced by the 
presence of a gas layer on the surface of the electrode and it is 
intended to consider this aspect more fully, since it has not been 
discussed elsewhere in any detail. 
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At first sight it is difficult to see how any gas may remain on 
the surface of the electrodes when they are immersed in the oil. 


A chemisorbed layer will always be present, but this could not |) 


have been influenced by the vacuum techniques employed in the 
tests described and therefore could not have given the results 
reported in Section 4.6. On the other hand, layers of physically 


adsorbed gas would have been removed as soon as the electrodes | 
There will be absorbed gas in | 
the bulk of the electrodes, but this could not influence the break- - 
down unless it migrated to the surface, which is unlikely. The 
only other possibility is for the gas to remain in equilibrium on jf 
A consideration of the } 
relevant literature shows that in certain circumstances microscopic | 


came into contact with the oil. 


the surface in the form of bubbles. 


gas bubbles may be present, or may even grow on such a surface. 
The evidence is reviewed below. 


A normal spherical bubble, stationary in a liquid and com- hr 


pletely surrounded by it, will be slowly dissolved. The rate 
of solution may be calculated, and if account is taken of the 


surface tension at the gas/liquid interface it is found that the 


bubble will dissolve even in gas-saturated liquids, because the 


pressure inside the bubble is higher than that in the surrounding \ 


liquid.!> However, if it were possible for the surface to be con- 
cave instead of convex, the pressure inside the bubble would be 


less than that in the liquid and the bubble might be stable in a + 
partially degassed liquid. Such a situation is obviously impos- | 


sible for a bubble completely surrounded by the liquid, but at 


an irregular liquid/solid interface a bubble could exist with a | 


concave liquid/gas surface. It is suggested that such bubbles 
were present on the electrode surfaces at the beginning of each 


test unless the test cell was well evacuated before being filled } 
with oil, and that in either case such bubbles were able to grow 
at the expense of the gas dissolved in the oil, although ata reduced i 


rate when degassed oil was used. 

The presence of such bubbles on liquid/solid interfaces has 
been verified by experiments with gas-saturated liquids. 
the solubility of a gas in a liquid is proportional to the pressure, 
reduction of the pressure above a gas-saturated liquid should 
result in gas coming out of solution. 


the gas to come out of solution. 
practice is that microscopic bubbles on the surface of the con- 


tainer or on solid particles suspended in the liquid become | 
unstable and grow, thus releasing gas from the liquid. If these 
bubbles are removed by suitable treatment, very high degrees of { 
supersaturation may be obtained without bubble formation.!® / 
Similarly, water may be heated to 200°C without boiling when 
microbubbles have been removed from the walls of the con- 4 


taining vessel.!7 

A further factor which may contribute to the equilibrium of 
gas bubbles on the electrode surface is the stabilizing effect of 
positive ions. 


very greatly extended by the presence of a single unneutralized 
positive ion inside the bubble. If this is applied to the problem 


of gas bubbles at a liquid/solid interface it is seen that the 
capture of a positive ion represents an additional stabilizing 


force. 

It might be supposed that the main contribution to the gas on 
the surface of the electrodes was from the bubbles of gas which 
were sometimes formed by the decomposition of the oil by the 


discharge, and which appeared to touch the upper electrode as _ 


they rose to the top of the test cell. There is evidence to show, 


however, that these bubbles do not, in fact, touch the electrode. tf 
; 
released below a glass plate will not have risen to within 100A ~ 


For example, in benzene a gas bubble of less than 1 mm radius 


Since 0 


Normal bubbles, how- | 
ever, are unstable and dissolve even in gas-saturated liquids, as ) 
mentioned above, and therefore it would appear impossible for jp 
What actually happens in {i 


Dosit In calculating the stability of small bubbles in a — 
liquid, Martelli!’ has shown that the lifetime of such bubbles is | 


Vi 


t 
t 
i 
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of the plate after S5min.!9 There could therefore be no direct 
transfer of gas to the surface in this way during the few seconds 
for which the bubble is near the electrodes. 

Once it has been shown that microscopic gas bubbles may be 
present on the electrode surface, it is necessary to consider their 
effect on the breakdown. At first sight it might appear that the 
breakdown is initiated by the ionization of the bubbles, especially 
since the electric field in the bubble will be greater than the 
average field owing to difference in permittivities. It is more 
likely, however, that the main effect of the bubble is to cause 
enhanced emission of electrons from the underlying metal, owing 
to this local increase of the field, since the probability of an 
electron appearing from elsewhere in such a small volume is 
very small. That this is so—at least after conditioning—is 
borne out by the observed dependence of the electric strength 
on the metal of the electrodes. Even when an electron is emitted 
from the metal into a bubble, the chance of ionizing collisions 
occurring in the gas is small. The maximum possible value for 
the ionizing efficiency of electrons in nitrogen or oxygen is 
approximately 10 ion-pairs/em/mm Hg, and for each ionizing 
collision the electrons would therefore have to travel at least 
10 microns, which is of the order of the size of the bubbles. 

The events during a series of breakdowns may now be con- 
sidered more fully. Before the first breakdown a few microscopic 
bubbles will be present on the electrode surface unless special 
precautions have been taken. These bubbles assist the emission 
of electrons from the cathode and a lowelectric strength will result. 
If, on the other hand, the cell has been evacuated to 5mm Hg or 
less before the oil is admitted, the bubbles will have been removed 
and a higher strength will be obtained which is independent of 
gas on the electrode surface. During the time taken by the 
‘subsequent breakdowns, the equilibrium of the gas on the elec- 
trodes is continually changing: some bubbles are removed by the 
discharges, some are dissolved, whilst others grow at suitable 
sites. As a result a conditioning effect is observed which leads 
to a steady breakdown strength which is independent of the 
initial conditions. This strength will depend on a number of 
factors, such as the testing rate, which determine the rate at 
which the bubbles are destroyed, and the gas content of the oil, 
which affects the rate of bubble growth. As the test proceeds 
a point will be reached when the strength again falls and the 
results become very erratic, owing to the accelerated growth of 
bubbles at certain favourable sites on the cathode—the sites 
where previous discharges have left pits. These will offer very 
irregular surfaces and free positive ions from previous discharges 
may be present, so that bubbles may grow very rapidly. Asa 
result, after the lapse of a suitable interval for the bubble growth, 
breakdown may occur from these points again, thus causing the 
formation of multiple craters on the cathode. The local field 
intensification at these pits, arising from the irregular surface 
geometry, may also affect the electron emission, but this cannot 
be the only influence, since it cannot explain the fact that the 
steady strength after conditioning is higher than the strength of 
the subsequent erratic breakdowns. 

The mechanism proposed here to explain the source of elec- 
trons for the initiation of the breakdown may well apply to the 
tests of previous workers. In particular, it could explain a 
oressure dependence of the breakdown strength without having 
2 assume the process of electron multiplication in the bulk of 
‘he liquid to be dependent on the gas dissolved in the liquid. 
‘n this case, a time delay between the application of the pressure 
and the consequent variation in strength might be expected, and 
uch a lag was reported by Hoover and Hixon.2° It is not sug- 
ested that this mechanism does apply to tests of other workers, 
jut rather that it is an explanation which has previously been 


eglected. 
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(7) CONCLUSIONS 

It has been shown that the recorded impulse breakdown 
strength of filtered and partially degassed transformer oil is 
dependent upon the way in which it was tested. The recorded 
strength was dependent on both the manner in which the voltage 
was applied and the rate of testing. For a given test procedure 
the breakdown strength was dependent on the electrodes used, 
and, in particular, the effect of microscopic gas bubbles on the 
electrodes was studied. In general, the strengths obtained were 
higher and less erratic than those obtained by previous investi- 
gators with high voltages, and they were consistent with those 
obtained in recent years with small, carefully prepared test samples 
and lower voltages. 


(8) FURTHER WORK 
Since it has been found in these preliminary tests that consistent 
and reliable results may be obtained with the apparatus described, 
and that the effect of gas on the electrodes may be overcome for 
at least the first breakdown of each test, work is now being con- 
tinued on other aspects of the electrode dependence of the 
impulse breakdown of transformer oil.?! 
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DISCUSSION BEFORE A JOINT MEETING OF THE MEASUREMENT AND CONTROL SECTION AND 
THE SUPPLY SECTION, 7TH JANUARY, AND BEFORE THE NORTH-WESTERN MEASUREMENT 
AND CONTROL GROUP AT MANCHESTER, 18TH FEBRUARY, 1958 


Dr. J. B. Higham: The authors’ work is particularly valuable 
because it is the first in which some of the refined techniques 
developed in recent years for use with small gaps and voltages 
up to about 50kV have been adopted for use up to 500kV. 

Dr. Tropper and his colleagues at Queen Mary College agree 
on many things with my colleagues and myself, who until 
recently were in the Electrical Engineering Department of 
Birmingham University, but there are certain puzzling differences 
in the results which the two groups have obtained for apparently 
similar and crucial experiments. It is not surprising, therefore, 
that we arrive at different theories of breakdown. For example, 
the authors and ourselves have specially investigated the con- 
ditioning effect, believing that there are clues in it to the 
mechanism of breakdown.* Contrary to the authors’ statement 
in Section 4.1, we foundt that once conditioning had taken place 
the measured electric strength remained unchanged even during 
a pause in testing of two days. Furthermore, throughout our 
work on transformer oil we always found a conditioning effect, 
whether or not the oil was degassed. Near the end of Section 4, 
the authors refer to a reverse conditioning effect. Am I correct 
in assuming that this is a fall in electric strength as a function 
of the number of breakdowns? It is interesting if this has been 
found with transformer oil, because it would be for the first 
time, to my knowledge. On the other hand, we invariably 
obtained it with highly purified simple liquid dielectrics and 
very carefully prepared electrodes. Mr. Stark introduced it as a 
criterion of effective electrode preparation. 

There is one further point about conflicting results; results 
not mentioned in this paper but which Dr. Tropper and his 
colleagues have obtained,f§ and which are relevant to our 
theories of breakdown. They have found, under a certain few 
conditions, that the measured electric strength is independent of 
variations in the hydrostatic pressure applied to the liquid. On 
the other hand, we have always found an increase in strength 
with an increase in pressure; this applies for all conditions of 
liquid and electrodes and for voltages ranging from alternating 
and direct, right down to pulses lasting only 1 microsec. 


* Kao, K. C., and Hicuam, J. B.: ‘Electric Breakdown of Dielectric Liquids’, 
E.R.A. Report No. E/T67, 1956. 

+ Watson, P. K., and HicHam, J. B.: ‘Electric Breakdown of Ore Oil’, 
Proceedings LE. E., Paper No. 1501 M, March 1953 (100, Part ITA, p. 168). 
ae Tew. 2 A JG Discussion at the Symposium of Papers on Insulating Materials, 
ibid., p 

§ "MAKSIEJEWSKI, J. L., and Troprer,’H.: ‘Some Factors affecting the Measure- 
ment of the Electric Strength of Organic Liquids’, ibid., Paper No. 1642 M, April, 
1954( 101, Part II, p. 183). 


Turning to the deductions from the experiments, we agree 
with the authors on three important points, among others. We 
agree that the breakdown process includes electron emission 
from the cathode and electron multiplication in the liquid and 
—at least in transformer oil—that bubbles play a part in the 
process. On the other hand, we disagree with the authors’ theory 
that the principal role of the bubbles is to produce direct enhance- 
ment of the electron emission from the cathode and that bubbles 
are responsible for the conditioning effect. We believe that 
both these effects are caused by dielectric layers on the cathode. 
We also deduce that breakdown first occurs in a bubble even 
in pure liquids, and Dr. Hakim and I showed photographs in 
support of this at the Exhibition of the Third International 
High-Speed Photographic Congress. 

The fact that some of the experiments by the two groups give 
conflicting results supports the point already stressed by the 


authors that measured electric strengths depend on the test | 


procedure adopted. There must be reasons for the conflictions, 
inherent in the breakdown processes, and I feel sure that it 
would be very rewarding to make a deliberate search for them. 
Mr. E. T. Norris: The liquid which the authors have been 
testing and have called transformer oil has little resemblance to 
that inside most transformers and circuit-breakers in service 


to-day. For chemically pure oil tested under laboratory con- — 
ditions, strengths of 4MV/cm have been measured; the authors | 
have achieved about 900kV/cm; oil passing the standard test — 


in B.S.148 gives about 350kV/cm, and the average oil in service 
gives something lower still. 
and I look upon the authors’ work as helping to contribute to 
the narrowing of this compass. However, these variations in 
strength are due, not to the oil itself, but to the impurities in it, 


and so the authors’ results (and those of other workers in this — 


field) are really a measure of the impurities in the oil rather than 
of the intrinsic strength of the oil. In this light (and since 
impurities of a few parts in a million can have a large effect), 
it is not surprising that there are wide variations in the results 
obtained by different research workers and it probably explains 
some of the differences described by Dr. Higham. It is a curious 
reflection that such minute impurities will lower the electrical 
strength of insulation and raise the mechanical strength of 
metals by several orders of magnitude in each case. 

Do the authors results follow a Gaussian or one of the 
extreme-value skew distributions? This would be of interest in 


This is a very wide range of values, — 
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considering the effect of other electrode shapes and sizes on the 
mean values and standard deviations of breakdown. 

There is an implication in Section 3.2 that a low standard 
deviation indicates an improvement in testing technique. This 
is not necessarily so. A needle gap will give good consistency 
and a low standard deviation, but owing to its insensitivity to 
impurities, an undesirable characteristic. 

The authors state that conditioning occurred only with 
degassed oil. This is of some interest to engineers, because oil 
in transformers and circuit-breakers cannot be degassed since it 
is continuously exposed to air in service. It can be de-aerated, 
but that is a different matter. 

Mr. C. G. Garton: I join Dr. Higham in welcoming the 
authors’ extension of some very difficult techniques to longer 
gaps. It is not unusual, in this difficult work, for no two groups 
of experimenters to agree, and I feel that the case which the 
authors make in Section 6, for the importance of microscopic 
gas bubbles, is not quite convincing from a quantitative point 
of view. The authors avoid the difficulty that normal microscopic 
bubbles quickly dissolve through surface-tension forces by 
postulating bubbles in spots where the curvature of the surface 
is such as to reduce these forces. This, however, implies a 
bubble in a re-entrant angle, where the electric stress must also 
be reduced by the normal shielding effect of a re-entrant electrode. 
It is doubtful whether such bubbles should contribute to break- 
down. A further quantitative difficulty is that the stress within 
a bubble is increased, at most, by a factor equal to the per- 
mittivity of the liquid—about 2 in this case. Larger increases 
than this should result from microscopic projections on the 
electrode surface, which, even if as blunt as a hemisphere, will 
multiply the stress by 3. Why does not the latter effect obscure 
‘the former? 

The authors find that the effect of bubbles vanishes when the 
pressure is reduced from 20 to 5mm Hg. It is difficult to see 
why this change to what is still a very poor ‘vacuum’ should be 
so effective. It may be significant that the range 20-5 mm Hg 
embraces the vapour pressure of water (17mm Hg) at room tem- 
perature, and one may suspect the effect of an adsorbed water 
film on the electrodes, better removed at 5 than at 20mm Hg. 
There is then an alternative mechanism which could enhance 
emission from the cathode. This is the presence of positive (H*) 
ions, derived from the water and held by the field against an 
oxide layer on the metal. Until this possibility is excluded by 
experiment, I do not feel that the authors’ explanation can be 
regarded as established. 

Dr. L. L. Alston: When all the data given by the authors are 
considered, the mechanism they suggest appears to be the 
most probable. It is, however, not clear why one can conclude 
that conditioning is necessarily associated with the electrodes 
from the fact that oil was circulated in the cell between break- 
downs (Section 5). If conditioning were associated with the 
bulk of the oil, circulating the oil in the test cell would increase 
the volume of oil to be conditioned, so that a conditioning 
process could still be present, although a larger number of 
flashovers would be required for a stable condition. It is stated 
in Section 4.6 that the flashover voltage decreased during con- 
ditioning if the electrodes were subjected to vacuum before the 
test. My first assumption was that this lowering of voltage was 
due to the generation of bubbles by the discharges, but from 
“ection 6 it appears that bubbles generated in the oil cannot 
slay an important part in the mechanism suggested by the 
4uthors. Again, bubbles generated at the electrodes (where 
discharges had rooted) could not have affected subsequent 
‘ashovers, for multiple roots were not observed during 
onditioning. 

With reference to Section 4.5, would it be practicable to use 
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plated electrodes if the surge diverter shown in Fig. 3 were 
included in the circuit? 

The authors stress the dependence of electric strength on 
experimental technique, and some standardization of electrode 
configurations would facilitate comparison of fesults from 
different investigations. Stephenson profiles have much to 
commend them for uniform fields, and one or more sphere- 
plane gaps could be used as preferred configurations for non- 
uniform fields, in the same way as the 1/50microsec wave is 
used for investigating impulse effects. 

Mr. H. K. Beale: At first sight there would appear to be some 
discrepancy between Fig. 5 and Table 1. Since several break- 
downs occur before a result is obtained with the first impulse 
technique, this must correspond to some point along the curve 
in Fig. 5, where the scatter of the results is increasing. Yet 
Table 1 shows a smaller coefficient of variation than with the 
normal technique. 

Some work on organic liquids at the N.P.L. may help to 
explain this point. Fig. A shows the conditioning effect in a 
sample of di-methyl phthalate. The shape of the curve is in 
general agreement with Fig. 5 up to a point towards C. The 
scatter is almost constant from A to B, increases between B 
and C, and is small from C onwards. It may be that Fig. 5 
would be similar, if continued, the first impulse technique 
yielding a value on the portion CD. Some information on the 
number of breakdowns occurring in this method would thus 
be of interest. 

This conditioning effect has been observed at the N.P.L. only 
with untreated organic liquids. With purified liquids the effect 
is absent, as observed by other experimenters. It is interesting 
that this effect is apparently observed only in mineral oils and 
not in pure organic liquids. It is a point worthy of further 
investigation and one which should be accounted for in any 
theory of liquid breakdown. 
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Fig. A.—Conditioning effect in di-methyl phthalate. 


Mr. F. S. Edwards: The tank in Reference 1 was designed for 
high-voltage tests with alternating and direct voltages in addition 
to impulse voltages, and gaps of up to 24in were employed. 
The authors’ tank is stated to be suitable for gaps up to 6in, 
but they did not use it at gaps above 6mm. I think that these 
differences fully explain the large difference in the oil contents 
of the two tanks. 

The authors give no information on the breakdown strength 
of their oil under alternating stresses; if they have any it would 
be useful if it could be published so that the impulse ratio of 
breakdown could be compared with that given in, say, 
Reference 2. 

There are three references to time lag, but no numerical 
values are given (if we exclude the remark at the end of 
Section 4.3). Here again it would be useful for comparison 
with other published results if the authors could say more on this 
subject. 

Mr. E. G. Wright: For the economic design of high-voltage 
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equipment it is important that the well-known variation in oil 
breakdown should be explained and, if possible, reduced. 
However, it hardly appears possible to control oil quality in 
commercial equipment to the extent necessary to get the results 
obtained by the authors, and other workers, under laboratory 
conditions. Even with such careful control, Fig. 5 shows the 
wide variation that still occurs due to conditioning effects. In 
this particular case the first breakdown is 30% lower than the 
conditioned breakdown. The authors mention in Section 5 
that the oil strength for the first breakdown may be very 
important in practice, and indeed it is. For design purposes 
the breakdown strength for the first surge is required: equipment 
which breaks down on a surge is not being conditioned—it has 
failed. 

The mean breakdown strength obtained varies between 
500 and 900kV/cm, and these values are similar to those 
obtained by other workers. For example, Endicott and Weber* 
using a rather different method obtained 720kV/cm. As stated 
by the authors, even higher values have been reported, especially 
with smaller electrodes. 

Unfortunately, the breakdown strength of commercial oil 
under normal test or service conditions is appreciably lower 
than these values. Under uniform field conditions a value of 
400kV/cm is typical for small gaps of about 0-1in as used by 
the authors. For gaps between 1 and 2in and a large electrode 
it is only about 200kV/cm, as shown by the results presented at 
the discussion on Reference 12. The breakdown strength for 
sharp-edged electrodes can be less than half these values. 

For design work a knowledge of the breakdown stress for 
practical gaps in commercial oil is required, for the stress can 
usually be estimated by mathematical or analogue methods. 
In my experience this stress is not just a function of electrode 
area, although the assumption by Wilson} that it depends only 
on the oil volume under stress may be too great a simplification. 
Further work on an extreme-value probability basis appears 
desirable, and I should like to know whether the authors expect 
to carry this out. 

Mr. R. E. Wootton: The value of the information presented 
would be greatly enhanced if some indication were given of the 
number of tests upon which the mean values are based. 

The breakdown strengths quoted in Section 4 are in 
decreasing order, given by the normal 2/60 and 2/600 microsec 
and the single-impulse techniques. This leads to the rather 
surprising conclusion that the conditioning effect is appreciably 
smaller with longer-tailed waves. It would therefore have been 
interesting had the authors quoted time-lags for the measurements 
with 2/600 microsec waves. 

The authors conclude that conditioning is due to gas on the 
electrode surfaces, and an estimate of the bubble size is given. 
Was this estimate obtained by direct observation ? 

I have been concerned with the study of the effects of gas 
bubbles upon the impulse strength of oil-impregnated paper 
dielectric, and have constructed a small test cell which permits 
the direct observation of an oil-filled cavity in such a dielec- 
tric during impulse testing. This consists of three sheets of 
oil-impregnated paper (each 3 mils in thickness) with a }in 
diameter hole punched in the uppermost sheet to form the oil- 
filled cavity, adjacent to which is a thin transparent gold electrode. 

When this arrangement is tested using the authors’ ‘normal’ 
procedure, with a time interval of approximately 30sec between 
successive impulses, no bubbles appear until an average stress 
of about 1 MV/cm is reached [Fig. B(i)]. After the following 
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Fig. B.—Distribution of bubbles in cavity during impulse tests. 
(i) 1 MV/cm. 
Gi) 1-05 MV/cm. 
Gii) 1-3 MV/cm. 
(iv) After 6 min rest. 


(iv) 


impulse (1:05 MV/cm), Fig. B(ii) shows that complete failure 
has not been initiated at the site of any of the original bubbles, 
as might have been expected, and that a spatial redistribution of 
these bubbles has occurred. With succeeding impulses these 
bubbles grow and fresh bubbles form. Fig. B(iii) shows the 
appearance of the cavity immediately after an impulse at a 
stress level of 1-3 MV/cm, and Fig. B(iv) shows that, after an 
interval of 6min without further stress application, the smallest 
bubbles have dissolved while the remainder have diminished in 
size. Complete failure occurred at 1-5 MV/cm. 

Mr. J. K. Webb: The authors have concentrated their efforts 
on developing a neat method for measuring the intrinsic strength 
of transformer oil. From the practical engineer’s aspect, how- 
ever, the real problem is to bridge the very large gap which he 
realizes exists between intrinsic and working strength. Unless 
the authors can suggest how this problem might be tackled, 
their paper would appear to have only academic interest. 

Dr. K. C. Kao (communicated): I have found that the con- 
ditioning effect is also present for the oil containing dissolved 
gas. Moreover, it occurs even with rectangular pulse voltages 
of 10microsec duration and highly polished stainless-steel 
electrodes. I have ascribed this effect to changes in a dielectric 
layer or layers on the cathode, which may be produced in the — 
first place by the polishing operation, the cleaning process and 
by other treatments. This layer prevents positive ions from 
reaching the cathode and thus results in an intense local field 
at the cathode and causes high emission of electrons. It is the 
characteristics of the original and of the final dielectric layers 
on the cathode surface, together with the cathode micro- 
geometry, which appear to determine whether the measured 
electric strength rises or falls with an initial succession of 
breakdowns. 

The authors suggest that the conditioning effect is due to the 
gradual removal of gas from the electrode surfaces by the 
breakdowns. It can be imagined that if the electrodes were 
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degassed by electric breakdowns, the electrodes would be gassed 
again when the liquid sample was replaced by a fresh one after 
the conditioning had been completed, so that conditioning 
should commence again. But I found that this was not so: 
once the conditioning was completed, it would not resume even 
if the liquid sample was replaced with a fresh one. 

I realize that the presence of gas bubbles on liquid-solid 
interface is possible, but it seems unlikely that this is the main 
cause of conditioning effect, since it cannot explain the facts 
mentioned above. It is known that the experimental conditions 
may greatly influence the experimental results; have the authors 
noticed whether the conditioning will resume if the electrodes 
remain unchanged after it has been completed and the test 
cell is not evacuated before being filled with a new oil sample, 
so that tiny bubbles would exist again on the electrode surfaces ? 

Mr. W. P. Baker (at Manchester): The invocation of field 
emission as a preliminary to breakdown appears to be beoming 
increasingly popular, and it would seem to be worth while con- 
sidering the authors’ suggestion in more detail. 

It is claimed that the stress at the surface of the electrode is 
enhanced by a bubble attached to the surface. For stability the 
centre of curvature of the gas-liquid interface must be on the 
liquid side of the interface; such a condition can exist in a crevice 
in the electrode surface. It is reasonable to assume that such a 

_erevice would have a roughly triangular cross-section, and the 
enhancement of stress due to change in permittivity from oil to 
gas would, in fact, be roughly cancelled by the diminution of 
stress due to the indentation. 

It is very difficult to discuss field emission in quantitative 
terms, because the thermionic work-function of an alloy or an 
oxide is not known accurately, nor is the modification of the 
‘work function by the presence of the liquid. A partial solution 
to this problem might result from the use of electrodes which 
neither oxidize nor are alloys, namely electrodes of platinum or 
gold. Solid electrodes of noble metal are, of course, expensive, 
but gold plating is not prohibitively so. 

For this reason, it is saddening to note that the authors did not 
consider the use of the surge diverter worth while, when the 
amount of damage to the electrodes could be reduced by its use 
to a level that would enable plated electrodes to be used. 

Dr. R. Hancox and Dr. H. Tropper (in reply): We agree with 
Dr. Higham that there are differences between the results of 
our two groups, but it seems that there are also inconsistencies in 
their results. For example, to illustrate that conditioning once 
completed is permanent (a point also made by Dr. Kao), Dr. 
Higham states that the measured electric strength remained 
unchanged even during a pause in testing of two days. How- 
ever, he has also reported a test* where a strength of 1 100kV/cm 
was obtained after conditioning, but fell to 700kV/cm after the 
oil sample was placed in contact with dry filtered air for 24 hours. 

Unlike Dr. Higham and his colleagues, we believe that the two 
processes involved in the electrical breakdown of treated oil are 
cathode emission, which supplies the liquid with an adequate 
number of electrons, and an electron multiplication process in 
the bulk of the liquid. This general physical picture for the 
breakdown was suggested some time ago and is in good quali- 
tative agreement with many of the experimental results obtained 
in this laboratory and elsewhere. Accordingly, as stated in the 
naper, the breakdown strength will be determined by whichever 
of the two processes is least probable. If, for example, the 
sathode emission is less likely, a higher electric field will be 
required for this process than for the electron multiplication in 
he liquid, and the breakdown voltage will depend on the con- 
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ditions of the cathode, and on the liquid only in so far as it 
affects this electrode. A breakdown of this type will always 
occur whenever a conditioning effect is present, and since the 
breakdown strength depends on hydrostatic pressure, the 
cathode-emission process must be pressure dependent. The 
presence of microscopic bubbles can explain such a pressure 
dependence. We cannot agree with Dr. Higham and Dr. Kao, 
who ascribe conditioning and electron emission to dielectric 
layers on the cathode, for it is difficult to see how these layers can 
account for the observed pressure dependence. 

There is definite experimental evidence for the presence of air 
on the electrodes. Under suitable reduced pressure the evolution 
of air bubbles from the cathode can be observed for uniform field 
configurations and for an applied direct voltage which is well 
below the breakdown voltage. Also, it has been found* that 
conditioning is accompanied by a gradual degassing of the 
electrodes. Furthermore, recent tests on carefully prepared oil 
samples of varying air content have shown that conditioning 
depends on the air content of the oil. For an air content corre- 
sponding to a given equilibrium pressure, conditioning was found 
to be more pronounced when carried out at a high pressure, when 
the oil was under-saturated, than at a pressure near the equili- 
brium pressure, when the oil approached saturation. This pro- 
vides independent confirmation of the result mentioned in the 
paper that conditioning was absent for gas-saturated oil, i.e. 
after prolonged bubbling of nitrogen through the oil sample. 

We agree with both Mr. Garton and Mr. Baker, who doubt 
that the electric field inside a bubble will be much greater than the 
average field, owing to the difference in permittivities, and admit 
that our explanation is an over-simplification. Recent experi- 
ments have shown that the classical picture of bubble formation 
and stability which was invoked must be modified in the presence 
of an electric field and charges which have a marked effect on 
the surface tension and the wetting properties of the oil. Taking 
these effects into account, it appears more probable that the 
sites of the microscopic bubbles act as centres of regions where 
the oil has become detached from the electrode. For these 
enlarged regions the field intensification due to difference of 
permittivities would apply as suggested, and there may be further 
emission from microscopic projections on the electrode in these 
regions, as mentioned by Mr. Garton. The presence of positive 
(H*) ions on the oxide layer of the metal, which are derived 
from moisture as suggested by Mr. Garton, cannot be ruled out 
by experiment. 

We do not think that the use of electrodes which neither oxidize 
nor are alloys, as advocated by Mr. Baker, is justified in oil tests. 
The work function is extremely sensitive to surface layers, so that 
the effective value would bear little relation to the vacuum value. 

The use of a surge diverter, referred to by Dr. Alston and Mr. 
Baker is not as effective for impulses as for long-duration 
voltages, since the resistance in series with the test cell must be 
small for short wavefronts. Even in small-scale tests (small 
electrode capacitance) with operation times of the surge diverters 
of less than 1 microsec, the pitting is appreciable, and precludes 
the use of plated electrodes, although oil decomposition is 
reduced, as was also found in the present tests. 

We agree with Mr. Norris that, unlike the needle gap, oil 
breakdown is extremely sensitive to minute traces of impurities, 
and therefore fail to understand why he should query a low 
standard deviation as a criterion of the quality of the testing 
technique. The tests were lengthy and hence not enough 
measurements are available to establish the nature of the 
distribution. 

There is no discrepancy between Fig. 5 and Table 1, as sug- 
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gested by Mr. Beale. It is clearly stated that the measurements 
were made at 30 min intervals in one case and at 5 min intervals 
in the other, and the effect of this is explained. The required 
information about the number of breakdowns is also given in the 
paper. 

In reply to Mr. Edwards, the longest gap tested was 2:75 cm, 
and the spark lags measured during tests were of the order of 
7 microsec. No tests were made with alternating voltages, but 
in a parallel investigation* using a large-scale technique and 
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direct voltages, an electric strength of 400kV/cm was obtained 
for the same electrodes and gap setting. 

The pictures of bubble formation shown by Mr. Wootton are 
very interesting but have little bearing on the paper, since con- 
ditions are different. We did not expect to see bubbles and in 
any case lacked the courage to look for them. As to the number 
of tests, every result is based on at least four series of tests, each 
providing at least five results, so that never fewer than 20 
measurements were considered. 

The brief answer to Mr. Webb is that the paper is intended as 
an initial attempt to bridge the gap to which he refers. 


621.316.923 


The Institution of Electrical Engineers 
Paper No. 2419 U 
Oct. 1957 


© 


RECENT DEVELOPMENTS IN MEDIUM-VOLTAGE H.B.C. FUSE LINKS 


By R. H. DEAN, B.Sc.Tech., Member. 


(The paper was first received 25th April, and in revised form 12th June, 1957. It was published in October, 1957, and was read before the 
SOUTH-East SCOTLAND SuB-CENTRE 5th November, the SOUTH-WEST SCOTLAND SuB-CENTRE 6th November, 1957, the NORTH-WESTERN 
UTILIZATION Group 14th January, the UTILIZATION SECTION 16th January, the NORTH MIDLAND UTILIZATION GrouP 21st January, and the 


NORTH-EASTERN CENTRE 27th January, 1958.) 


SUMMARY 


The paper reports development work carried out in the investi- 
gation of fuse links of ratings up to 600 volts and 600 amp in respect 
of basic problems of design when compliance with North American 
specifications and general circuit requirements is sought. Although 
this work was of a fundamental nature for universal application, it 
was stimulated by the publication of the Canadian Standards Asso- 
ciation Code 106. Comparisons are made between this Canadian 
_ Code, the ‘Standard for Fuses’ used in the United States, and current 
practice in Britain, which centres on B.S. 88: 1952. Fundamental 
difficulties in fuse-link design are set out, leading to the choice of a 
design to satisfy general circuit requirements and the C.S.A. Code 
No. 106 in particular. Details of performance are given of the resulting 
range of fuse links. The results of the high-breaking-capacity tests 
carried out by the Canadian Standards Association are compared 
with the calculated figures. 

Consideration is given to consistency of performance, and tests to 
demonstrate non-deterioration under service conditions are described. 

A novel method is given for the rapid estimation of the effect of 
‘he fuse link in limiting fault power and energy admitted on severe 
fault conditions. 


SYMBOLS AND EXPRESSIONS 

to = Pre-arcing time. 

t, = Virtual pre-arcing time. 

Ig = R.M.S. prospective symmetrical fault current. 
K, = Pre-arcing constant. 

J = Current density. 

i, = Peak value admitted or ‘let-through’ current (see Fig. 1). 
Fusing factor (of a fuse) = The ratio, greater than unity, 

between the minimum fusing current and the current 
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Fig. 1 
Comparison of Terminology 
British North American 
High breaking capacity High rupturing capacity 
(h.b.c.). (h.r.c.). 
use link. Fuse or cartridge fuse. 
Motor starting current. Inrush current. 
Discrimination. Co-ordination. 


‘Let-through’ current. 
One-time fuse. 


Admitted’ or ‘cut off’ current. 
Non-rewireable fuse link. 


Mr. Dean is with Parmiter, Hope and Sugden, Ltd. 


(1) COMPARISON OF NORTH AMERICAN AND BRITISH 
REQUIREMENTS 

In Great Britain the requirements of cartridge fuse links for 
use in industry and by supply undertakings are specified in 
B.S. 88: 1952, and are usually to Class P, having a fusing factor 
not exceeding 1-25, or to Class Q, having a fusing factor not 
exceeding 1-75. 

In Canada they are covered by the C.S.A. Codes 59 and 106: 
the former was written in the days of small generating and 
transforming stations, and the only rupturing capacity specified 
is 10kA at 600 volts d.c.; the growth of potential short-circuit 
currents resulted in the issue, in 1954, of Code 106, based largely— 
so far as the rupturing-capacity tests of 80kA at 600 volts were 
concerned—on British techniques. The different minimum- 
fusing-current and time-lag customs of Britain and Canada were 
covered by specifying two classes of fuse link: Form I is similar 
to Code 59, but with the required rupturing capacity generally 
similar to Class P of B.S. 88, and Form II similar to Class Q of 
B.S. 88. Form I is permitted for general use in any situation, 
but Form II is for breaking capacity only, chiefly for back-up 
protection. The enforcement of the regulation is carried out 
by the inspection staff of the supply undertakings, and apparatus 
for connection to the supply has to bear the approval mark of 
the C.S.A. 

In the United States the Underwriters Laboratory Incorporated 
issue a ‘Standard for Fuses’ which is nearly identical with the 
C.S.A. Code 59, but they have no standard for high-breaking- 
capacity fuses. These regulations are virtually enforced by the 
fire underwriters and insurance companies, who will not 
generally insure an installation unless such items as fuses bear 
the mark of approval. 

The difference in the specialized requirements for the United 
States and Canada compared with those for Great Britain are 
both physical and electrical. To comply with the North American 
physical dimensions is not difficult, since they are comparatively 
large. The electrical differences are, however, of a more complex 
nature, and may be grouped under two headings. 


(1.1) Overload Protection 


The first heading covers the capacity of the fuse to operate 
on small continuous overloads after a time lag. North American 
regulations insist that a fuse should protect the cable and 
apparatus it serves on all overloads which could cause damage; 
they insist in particular that the fuse should rupture on 135% 
full-load current, and specify the time within which rupture 
must occur. To ensure a suitable time lag, the time within 
which each rating of fuse must rupture on 200% full-load current 
is also given, and these two requirements effectively govern, in 
practice, the time/current characteristics of the fuse, so that 
adequate time lags are provided. 

B.S. 88: 1952 also envisages two classifications of fuse: Class P, 
with a fusing factor not exceeding 1:25, and Class Q, having 
a fusing factor not exceeding 1:75. Semi-enclosed fuses are 
assigned a fusing factor of 2. No time lags for the passing 
of safe overloads are specified. The duration of test quoted in 
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Table 3 of B.S. 88: 1952, giving the time within which the fuse 
link must operate, demonstrates minimum fusing current, but 
gives no indication of the capacity of the fuse link to sustain 
safe overloads, first because only the maximum time is specified 
and secondly because the time/current curve is practically 
asymptotic in this region. 

The Institution’s Wiring Regulations give no instructions as to 
the classification of fuse to be used, and it is possible that some 
of the fires reported by Gosland! would have been avoided if a 
minimum operating overload of 1:35 times the rating of the 
fuse link had been insisted on, as in North America. 


(1.2) Breaking Capacity 


The second point of difference is in the requirements for 
breaking capacity. The maximum specified in B.S. 88 is Cate- 
gory ACS, consisting of a prospective current of 46kA sym- 
metrical on 440 volts, while Code 106 specifies 80kA sym- 
metrical or 100kA asymmetrical at 600 volts. Customary 
procedure in Canada and the United States is to refer to the 
asymmetrical wave; this includes the d.c. component, and when 
the degree of asymmetry is not specified, the ratio between the 
symmetrical and the asymmetrical currents is fixed arbitrarily. 
The Canadian specification gives the ratio as 1 : 1-25 (United 
States sources frequently assess this as 1:1-4). Both the 
Canadian and British specifications demand similar tests on a 
prospective current reduced to the value at which current limita- 
tion by the fuse link commences, since it is estimated that there 
is a maximum release of energy in the fuse link at this point. It 
is worth noting that there is a probability that, in fuses of modern 
design, maximum-breaking-capacity conditions are no longer 
the most onerous, and that, after the point at which current 
limiting takes place, the forces released in the fuse link decrease 
as the potential current available increases. Minor points of 
difference in conditions of test are as much a problem for the 
testing authority as the designer. 

Code 59 and the ‘Standard for Fuses’ specify only 10kA at 
600 volts d.c. 


(1.3) Other Characteristics 


Not directly specified are three additional desirable charac- 
teristics, namely 


(a) The fusing time/current characteristics of the fuse link should 
bear some relation to the operating curve of the apparatus it is 
likely to protect. The 600-volt range of fuse links will be used 
almost invariably for motor services, which generally have thermal- 
overload protection. The fuse link must discriminate with such 
devices, and the characteristics are arranged so that the fuse link 
will take precedence on currents which are greater than 6-10 times 
full-load current, while the relay will operate before the fuse on 
lower values covering all overloads up to the locked rotor current. 
Time lag is therefore required up to about 10 times the rating of 
the fuse link. Any current in excess of this must be a fault current, 
and the fuse link, in order to limit the energy allowed to flow in the 
circuit, should operate as rapidly as possible. Fig. 2 illustrates this 
point. The operating time/current characteristics of different makes 
of overload relay vary, and individual relays are likely to deviate 
appreciably from published average statistics. Allowance must be 
made for this. 

(b) The heat loss by the fuse link on normal currents must be 
kept as low as possible. In order to make the fuse link rupture on 
135% of its rating, many North American manufacturers using a 
single-metal-element construction must allow for temperature rises 
up to the maximum permitted. In view of the large dimension of 
the fuses, the energy released as heat is considerable, and because 
of this the C.S.A. Specification No. C.22.2, No. 4, which covers 
fuse switches, specifies that all tests to determine compliance with 
temperature rise shall be made with the fuse links replaced by 
dummies (Clause 118). To make allowance for the heat released by 
the fuses, further requirements insist that, using single-metal-element 
fuses to Code 59, the fuse switch shall be used on currents of less 
than one-half to one-third the rated capacity on the Jabel. For 
example, a 30amp fuse switch with 30amp fuses is permitted for 
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Fig. 2.—Typical time/current characteristics. 


(a) Motor starting current. 
(6) Thermal-overload relay. 
(c) Discriminating fuse-link. 


use on motors not exceeding 74amp rating. Dual-element fuses, 
which create less heat, permit the fuse switch to be used up to two- 
thirds of the label rating. 

(c) On severe short-circuits the time taken from the commence- 
ment of the fault to the opening of the circuit shall be as rapid as 
possible, consistent with the consequent voltage surge, or arc voltage, 
being safely within the 2kV permitted by C.S.A. Code 106. This 
limits the current, and consequently the energy permitted to flow 
in the circuit by the fault, to a fraction of that which would flow 
were the protection device of the non-limiting type, such as a circuit- 
breaker. It should be noted that the effective limitation of energy 
varies as the product of the square of the current limitation and the 
relative time of operation. This is amplified in Section 6. 


(2) BASIC DESIGN CONSIDERATIONS 


From this survey of the more important differences between 
North American and British practice, the work carried out to 
design fuse links to suit North American conditions will now 
be considered. So far as Canada is concerned, this meant 
satisfying the Form I class of the C.S.A. Code 106, together with 
the additional features mentioned in Section 1.3. It involved a 
study of the time of operation from the long-time fusing ratio 
specified (1-35) to a breaking capacity of 80 kA symmetrical at 


Table 1 


SIMILARITY BETWEEN B.S. 88 CLAss P MINIMUM FUSING CURRENT 
AND C.S.A. CoDE 106 Form I MInimuM FusING RATIO 


2 Fuse links to C.S.A. 
Fuse TSS BS: 88 Code 106 
Form I 


Current 
at which 
fuse link 

will not 


Current 
at which 
fuse link 
will blow 


Maximum 
time 
to blow 


600 volts, and in the event, produced a fuse link which, having 
a fusing factor of 1-25, also complies with Class P of B.S. 88. 
Table 1 compares the two requirements for a number of ratings. 

Two ranges of physical dimensions are provided, the first to 
replace immediately any existing type of Code 59 fuse and the 
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econd to take advantage of modern techniques and reduce the 
ize of fuse link. This permits a reduction in size of enclosures 
ind mountings. 

At the outset the fuse designer is confronted with a problem 
of producing a fuse element which will cater for two sets of 
ontradictory requirements. High breaking capacity is obtained 
vy limiting the energy released in a fuse, by rapid operation in a 
raction of a cycle and the consequent limitation of current. 
[ime lag is obtained by providing a heat reservoir to delay the 
yperation of the fuse until the desired overload energy has been 
yassed. 

The speed of operation when breaking capacity is considered 
nvolves the basic problem of minimizing the mass of metal to 
e volatilized before arcing commences. Only metals of the 
1ighest conductivity can therefore be considered, which, in effect, 
imits the choice to silver and copper. The difficulty with these 
netals is that their melting points are 960 and 1083°C, respec- 
ively, and the temperature rise of a fuse having a simple element 
of either of these metals would, if in any degree close rated, be 
eo great for normal enclosures and would certainly not fulfill 
he temperature-rise requirements. Furthermore, the time lag 
© suit such conditions as motor-starting overloads would be 
nadequate. A similar problem is experienced when copper fuse 
wire Is used in semi-enclosed fuses. Any attempt in practice to 
‘educe the minimum current at which such a fuse will rupture 
»c.ow twice the rating of the fuse causes the wire to operate 
it such a temperature that oxidation takes place; the wire thus 
leteriorates, and ageing occurs. 

Time lag is obtained by the use of a metal having a relatively 
nigh resistance, so that the mass of metal for a given rating is 
‘orrespondingly greater. Zinc, aluminium, lead and tin—lead 
illoys, in simple designs, have been used for this purpose. 
Advantage can be taken of the lower melting point of these 
netals, so that a fuse complying with the North American 
minimum fusing ratio of 1-35 can also comply with their tem- 
»yerature-rise requirements. The amount of metal involved 
wider short-circuit conditions is excessive, however, and the 
fuse has insufficient breaking capacity. 

Two practical solutions of reducing the temperature rise under 
»verload conditions in a high-breaking-capacity fuse have been 
jound, namely 

(a) The dual element fuse link (Fig. 3). This consists of two 


| portions in series, one to provide high breaking capacity and 
| the second to operate at a low temperature on long overloads 
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Fig. 3.—Dual-element fuses. 
(a) Small-capacity North American. 
(b) Large-capacity North American. 
(c) British. 
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and provide close rating. In practice, there are usually three 
zones, comprising a time-lag element mounted between two high- 
breaking-capacity elements, all mounted in series. This design 
can be made to operate, if required, on currents as low as 110% of 
the rated current. 

(b) An alternative system uses a natural phenomenon which has 
become known as the M-effect (Fig. 4), in which a plug of low- 
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Fig. 4.—Elements using the M-effect. 


(a) Silver-wire element. 
(6)-(d) Silver-strip elements. 


melting-point alloys with a wire or strip fuse element of silver 
when its melting point is reached. This silver alloy has a lower 
conductivity than the original silver, and the increased heat generated 
coupled with the reduced melting point forms a zone of operation 
at which the fuse ruptures. By this means, fuse links having an 
element of silver melting at 960° C can be operated under overload 
conditions without the temperature of the silver having been raised 
above the melting point of the alloy plug, which is probably about 
200°C. This device gives a degree of time lag and close rating. 
Almost all modern designs of simple high-breaking-capacity fuse 
links use this principle in one form or another. With this device a 
fuse link is, in general, made to operate on 160-180% of the rating, 
but the time lag provided is thought to be inadequate. Some doubt 
is also expressed concerning the satisfactory operation of the fuse 
on currents between the full-load current and the minimum rupturing 
current, and on such overloads as motor starting. This latter type 
is, in general, the basic design of Form II fuses to C.S.A. Code 106, 
and of Class Q of B.S. 88. 


The first reference to the M-effect seems to have been in 1939, 
by Metcalf,? from whose initial the name has apparently been 
taken. Very little quantitative information has been published. 

Fig. 5 shows time-lag effects for operating times above 1 sec 
obtained with different types of fuse link. For simplicity, the 
comparison is made between links of 60 amp rating. 


(3) THE DUAL-ELEMENT SOLUTION 


The developments with which the author has been associated 
have been on the dual-element type of fuse link, which satisfies 
all the required conditions, especially Form I of C.S.A. Code 106. 
Furthermore, very considerable experience has been gathered 
over many years in the testing and manufacture of fuse links to 
Class P of B.S. 88, for which the conditions are very similar. 

In the design of a fuse link for such conditions, two items— 
the element and the container tube—differ substantially from 
current practice; these will be described in detail. 


(3.1) The Element 


Fig. 6 shows the element used, and it will be seen to consist 
essentially of two parts, the high-breaking-capacity (h.b.c.) zones 
and the low-temperature time-lag zones. 

The former is made from copper strip, tinned and perforated 
to form a constriction for rupture on a severe fault. The use of 
such a perforation is original, and a factor contributing to its 
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CURRENT, AMP 


TIME , SEC 


Fig. 5.—Time/current characteristics for various types of 60 amp 
fuses. 


— Dual-element. 

— — — No. 17s.w.g. copper wire. 
—-— M-effect. 

—.--— Zinc rewireable. 
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t 
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G 
CENTRE INSERT 
Fig. 6.—Dual-element strip, 


use is the knowledge, developed by testing various elements over 
many years, of the minimum length of ‘neck’ or gap such that 
an arc created across it will be extinguished with the greatest 
rapidity consistent with desirable limitation of arc voltage. 
With two zones in series there are, on operation, two parallel 
circuits, each having four arcs in series. The diameter of an 
individual perforation is about 0:06in and the width of the 
neck is 0-015in. Such a system of perforations in a flat strip 
was chosen because the amount of copper involved in operation 
is less than in other designs, since the cooling effect by axial 
conduction of the strip immediately adjacent to the holes is 
greater. Of lesser importance is the fact that a greater area of 
this part of the element is in intimate contact with the powder, 
which accepts heat by conduction. The net result, on conditions 
of continuous loading, is that, for a given temperature rise in 
the necks, the current density can be increased and the amount 
of metal reduced. The pre-arcing time on operation varies 
directly with the mass of metal to be volatilized. The quicker 
the operation, the greater the limiting of the admitted fault 
current. For these reasons, a flat strip with perforations produces 
the greatest current-limiting effect. 

This limiting effect is described in more detail in Section 6, 
but the following figures illustrate its magnitude. On a pro- 
spective current of 100kA asymmetrical, a 30amp fuse link 
operates in 0-7millisec with an admitted current of 6:0 kA (peak), 
while the 600amp link operates in Smillisec with a 47 kA peak 
admitted current. 

In the design of the centre insert, i.e. the device to operate 
on overload conditions and at low temperatures, a system has 
been developed which does not use springs—a common practice 
in United States designs. Springs and moving parts are better 
avoided in a device such as a fuse link, which must remain in 
service for years without testing or inspection. Essentially this 
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system consists of a plug of low-melting-point alloy, and it has | 
been used in one form and another for many years. The plug 
is a tin-lead eutectic alloy melting at 180°C; it is cast in the solid 
in the larger sizes, and is formed from tubing in the smaller, | 
and it is joined to the h.b.c. zones of the element by soldering. | 
The heat for its operation comes mainly from the heat generated 
in the h.b.c. zones, and only partly from its own resistivity. The 
design of this centre insert and the method of mounting it) 
between the copper strips must be such that the heat from the 
h.b.c. zones enters the plug of metal at an even temperature. A’ 
wide area of soldered joint along its periphery further provides! 
even acceptance of the heat. The use of perforations—a series| 


' 


of small points at which heat is generated—to form the h.b.c.) 
zones ensures that, so far as possible, there is a uniform tem 
perature across the width of the element. This design of element 
is thus superior to one in which the h.b.c. zones are formed by. 
single narrowings or ‘necks’. The centre insert consists of a 
cylinder of tin-lead alloy sealed in a casing of a fluxing agent, 
boric acid. Before the melting temperature of the alloy is reached) 
the adjacent boric acid melts and forms a liquid contained by | 
the unmelted periphery. When the alloy melts, gravity and 
electrical forces cause it to scatter as globules which become 
embedded in the liquid flux. The current is then broken in two. 
ways: by physical separation of the current-carrying alloy into 
globules, and, since the boric acid in which they are embedded 
is an insulator, by electrical isolation. . 

It has been noted that the heat energy created by the fuse on 
load must be kept low. Modern techniques in Great Britain 
now permit an element of shorter length and lower resistance 
than those in common use in North America. This has been 
achieved by the use of copper, having a relatively high conduc- 
tivity, instead of zinc-based elements, incorporated in a dual 
element whose centre has low current density. Furthermore, a 
feature in the design of the element is the reduction of the 
distance between the h.b.c. zones and the centre insert. This 
reduces the loss of heat during transmission from its source at 
the h.b.c. perforations to the point of application in the centre 
insert. With this more efficient design, less heat is needed for 
operation. In the design considered the element is one-third to 
one-half the standard length, and its resistance on full load is 
about one-half that of the common single-metal North American 
design. ; 

This reduction in size enables two ranges of fuse to be provided 
—one that is interchangeable with North American fuse links 
of similar rating, and one having shorter barrels but standard 
base contacts at reduced centres. : 


(3.2) The Container 


The containing tubing or barrel must be inert and able to 
withstand both the high bursting pressure and the intense heat 
from the operation of the fuse generated by short-circuit con- 
ditions without fracture by unequal expansion. The end of the 
tube must be ground to fine limits, so that the end cap can be 
expanded on to it. Tubing to meet all these conditions is readily 
available in a ceramic material. Bonded glass fibre or Melamine 
tubing was not used, chiefly because of expense and suppl) 
difficulties, and also because the bonding material tends to change 
state on severe heating. 


(4) CHARACTERISTICS AND TESTS 


The detailed working out of dimensions for each rating 
involved highly intricate experimental work. Many data hac 
to be obtained to determine the effect of each of the mam 
factors involved, and this was complicated by the fact that eacl 
separate factor was to a greater or lesser extent interdependen 
on the others. A complete analysis was impossible, owing t 
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Fig. 7.—Time/current characteristics of dual-element fuse links. 


Pre-arcing time on symmetrical a.c. fault. 


-— -— - - Virtual pre-arcing time. 


ime and expense, and its place was therefore taken by shrewd 
eduction from many years of experience and testing. For this 
2ason little more can be reported beyond the stating of the basic 
rinciples governing design. The range of fuse links produced 
2ceived approval to C.S.A. Code 106 Form I. 

The fusing characteristics of the range are shown in Fig. 7, 
ne discontinuity in each curve occurring at the point of change- 
ver from operation in the centre insert to operation in the 
.b.c. zones. This is arranged to occur at approximately ten 
mes the rating of the fuse, up to which point time lag is provided 
> that a motor protection device, such as thermal overloads, 
an operate in precedence. At currents above this the slope of 
ne curve decreases immediately, so that further increases in 
ault current produce disproportionately large decreases in 
perating times. 

The performance curve for heavy currents (Fig. 8) shows the 
elation between the prospective fault current and the peak 
dmitted current, and is of value in ascertaining the magnetic 
sresses created by fault conditions. Further consideration is 
iven to this curve in Section 6. It was prepared from theoretical 
onsideration and confirmed by test. 

' The performance of a fuse for these heavy prospective currents 
calculated from a knowledge of the known physical constants 
f “he element involved. It has been found in practice that, 
wg to the short time taken for the element to fuse, i.e. the 
te arcing time, the loss of heat by conduction or radiation can 
2 neglected, or a small factor allowed. It can therefore be 
ssimed that all the energy transformed into heat by the resis- 
ime of the element is used to raise its temperature until 
ason occurs. The physical constants of a particular ele- 
Wt being fixed, the amount of energy required to raise the 
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Fig. 8.—Relation between peak cut-off current and r.m.s. prospective 
current. 


to 
element to fusion is expressed in the form i I*dt. This function 


is called the ‘pre-arcing constant’, K,, and fron it the pre-arcing 
times and peak let-through currents for different prospective 
currents are calculated. It can be taken as constant for any 
particular design of fuse. 

Its calculation has been shown by Gibson.? Briefly, i J7dt 
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(where J is the current density for the element metal required 
to produce fusion, assuming no loss of heat) is computed by 
equating the heat used in raising the metal to fusion to the heat 
generated by its own resistivity. This gives a differential equation, 


J?dt is 3-3 x 10!° (amp/in?)?-sec for silver and 


4-35 x 10!° (amp/in’)?-sec for copper. The most recent figures 
published by the E.R.A. for specific resistance, specific heat, 
density, etc., were used.* This figure, multiplied by the square 
of the cross-sectional area of the narrowest part of the fuse 
element, gives K,, convenient units being amperes squared- 
seconds. 

The pre-arcing times for a given prospective current are obtained 
from the solution of 


from which 


to 
K, = | 212 sin? wtdt 
0 


The current wave admitted under these severe conditions is 
shown in Fig. 1. The pre-arcing trace approximates to a sine 
wave and so the peak value of the admitted or let-through 
current is i, = +/2Jp sin wf. 

It is interesting to note that asymmetrical conditions, which 
would alter the shape of the current tracing, do not, in fact, 
occur. To comply with the C.S.A. Code 106, the test circuit 
must be closed at such a time that arcing commences at between 
60 and 90 electrical degrees in the voltage wave. With heavy 
prospective currents the pre-arcing time (for the design being 
considered) corresponds to a few electrical degrees, and the angle 
between voltage zero and the point at which the circuit is com- 
pleted—the closing angle—is such that the voltage/current trace 
associated with a power factor specified not to exceed 0:2 will 
be substantially symmetrical. 

The results of the tests carried out by the C.S.A. are set out 
in Table 2, together with the equivalent figures arrived at by 


Table 2 


COMPARISON OF CALCULATED AND TEST PERFORMANCES OF Fuses TO C.S.A. Cope 106 Form 1: Test Circuir AT 600 VoLTs, 
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operation considered flowed in the fuse for the actual period. b 
Values are derived from the simple formula 


Ky 


as 


if | 

From Fig. 7 the r.m.s. value associated with the maximum th 
admitted current for a given prospective current can be found. |) 
The method is as follows: 

For a given prospective current the pre-arcing time can be” 
taken from the full-line curve. From the ‘virtual-time’ curva 
the steady current or r.m.s. value of the pre-arcing current which |) 
has to flow in order to bring the fuse link to the point of arcing! 
for this known time of operation can be read. This is, as it 
were, the r.m.s. value associated with the admitted current peaks ° 
taken from curve in Fig. 8. The alternative method of calculation || 
is to make an appropriate allowance for the relationship between > 
peak and r.m.s. value. 


arcing time, which, added to the arcing time, constitutes the! 
total operating time. The arcing time-is a complex function © 
which is not mathematically determined, but is found empirically, |: 
usually to be 1-3 times the pre-arcing time, but not exceeding 
0:006sec. During the arcing time the current falls very rapidly, 9 
and is relatively negligible during the greater part of it. This is ~ 


(5) ACCURACY AND CONSISTENCY OF PERFORMANCE 


The accuracy of the time/current and prospective-current/peak- 
let-through-current characteristics is dependent on the accuracy 
of manufacture of the element. The h.b.c. zones of the stri 
are blanked out to such fine limits that variations are insignificant, 


50c/s, 0-114 Power FAcTor | 


Galeulated Pre-arcing time 


Symmetrical 
i pre-arcing 


Current prospective 


Peak let-through current Recorded 


Insulation | 


Recorded 


test current constant 


Calculated 


amp?-sec millisec 


* Upper limit 2000 volts. 
+ Lower limit 0-1 megohm. ; 


calculation using the method just described. The comparison 
affords a high degree of confirmation of the calculation and 
hence the predictability of performance. It also demonstrates 
the accuracy of manufacture, since the test fuse links must be 
picked at random from a batch. 

The broken extensions of the curves in Fig. 7 are described 
as showing ‘virtual pre-arcing time’; this is a theoretical quantity 
useful in confirming the provision of adequate heat capacity in 
cables and busbars, and also for comparing fuse links for dis- 
crimination. It is defined in B.S. 2692: 1956 as the time for 
which a steady current equal to the prospective current would 
have to flow in a fuse to produce the same quantity of energy 
as would be produced if the actual current during the period of 


Recorded 


millisec 
0-15 
0:26 
0-37 
0-82 
1-10 
1-50 


peak arc 
voltage* 


resistance 
after testT 


arcing time 
Calculated 


Recorded 
kA 
Illegible (~8-0) 
Ilegible (~10-0) 
12-0 


and the copper strip is rolled to very fine tolerances. The control 
of the time-lag insert is not so easy, but neither is it so critical, 
because many other factors contribute to time lag at this zone ol! 
operation over and above that contributed by the specific heat 
of the mass of the centre insert. All these factors are concerned | 
with the rate at which heat is conducted away from the clemelil 
and involve variations in the diameter of the powder grain, the 
inner diameter and thickness of the ceramic tubing, the Seanad 
of the end cap and the amount of solder used in connecting the 
element, the length of the element between end caps and the 
moulded covering of boric acid flux. These manufacturinge 
variations tend to a uniform average, and the result is a per 
formance sufficiently consistent for all practical requirements © 


y 


a tr 
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- Should be noted that the curves are produced starting with 
ie fuse links cold—a condition rarely occurring in practice. 
he fuse-link element will, in general, have a running tem- 
erature depending on the loading, which will reduce the time 
ig provided on overloads open-circuited on the centre insert, 
nce the running temperature will be a significant proportion 
f the melting temperature. When the h.b.c. zones are involved, 
owever, the difference will be small, since the running tem- 
erature is low compared with the melting point of the copper 
Tip. 
(5.1) Tests 


The previous Section covers accuracy of performance; atten- 
on will now be given to the problem of testing to show whether 
design will retain its accuracy under all service conditions. So 
ir, no attempt seems to have been made to ascertain whether 
2terioration has taken place on currents in excess of the rating 
ut insufficiently heavy or sustained to rupture the fuse—a 
ormal condition on motor starting, etc. In fact, B.S. 88 
plies that a fuse link may deteriorate on currents between 
we fuse rating and the minimum rupture current.» To demon- 
wate non-deterioration in the design considered, tests were 
“eanged to cover the following eventualities: 


(a) The fuse link may be subjected to an overload less than the 
| Minimum rupture current but greater than the rating. 

(6) The fuse link may repeatedly be called on to pass motor- 
| starting overloads of many times the rating. 


Yo cover these, three tests were specified to be made on the 
ame fuse link: 

Test 1.—For continuous heat run the fuse link is subjected to 
(current of 95° of its minimum fusing current, or 119% of its 
ted current in a Class P fuse link. This is maintained for 
) hours, and the cold resistance of the fuse is measured before 
d after the test. 

/ Test 2.—The same fuse is then subjected to a current which 
vould rupture the fuse in approximately 2sec. This current is 
»plied 12 times for 1 sec only, with intervals for cooling, and 
\e cold resistance is measured before and after the test. 

Test 3—To demonstrate that tests 1 and 2 have not in any 
ay affected the fusing factor or overload characteristics, the 
se is subjected to a current of 105% of the minimum rupture 
arrent or 131° of the rating in a Class P fuse. The time taken 
* rupture shall be in accordance with the published curves. 

+ Fuse links of the dual-element design were subjected to these 
vsts with satisfactory results. An extract from the test certificate 
respect of the 100 amp rating is quoted. 


pst 1, 

| Cold resistance of fuse before test . 640 microhms 

Heat-run current (being 125 aes 7) . 118-7amp 
Length of heat run ae . 4h 


(N.B. After 9 hours ss voltage pie 
remained constant at 110-5mV.) 


Cold resistance of fuse after test . 640 microhms 


| 2st 2. 

~The same fuse was then subjected to an over- 

| load of : . 600 amp 
| (Being six times full- load current.) 

- Waration of overload . fh tsec 

' Tais was repeated .. 11 times 


(Making 12 overloads in all. ) 


ith intervals of 10min for cooling between 
overloads. 


> 51d resistance of fuse after test .. 640 microhms 
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Test 3. 
The fuse was subjected to an overload of .. 131amp 
(Being 125amp + 5%.) 
Time required to rupture at this current .. 2h5 min 


Open-circuit resistance .. > 100 megohms 

Satisfactory co-ordination or discrimination between different 
ratings of fuse link in series can be accurately forecast by com- 
paring pre-arcing constants. If that of the larger is more than 
twice that of the smaller, this is sufficient to allow for the energy 
circulated during the arcing period and discrimination will be 
obtained on all prospective currents, provided that the fuse links 
are of a similar consistent design and that the characteristics 
have not altered with service or time. 


(6) ESTIMATION OF FAULT LIMITATION BY FUSE LINKS 


Fig. 8 shows the relationship between the prospective current 
applied and the peak value of the current wave actually admitted. 
This gives an indication of the ratio of limitation of the instan- 
taneous magnetic forces created in the circuit. To calculate the 
heating effect on the apparatus in series with the fuse it is 
necessary to know the r.m.s. value of the admitted current. 
Section 4 shows how this can be read off the curve given in Fig. 7. 
By using the portion in broken line indicating ‘virtual pre-arcing 
time’, the r.m.s. value for any given prospective current is obtained. 

For this particular design of dual-element fuse a simpler 
method has been devised of estimating the degree of fault 
limitation by a fuse link. This gives the ratio between the 
power or energy actually admitted to the circuit and that which 
would have flowed had the protection been of the non-limiting 
type. 

In this range of fuse link of uniform design the fault-power- 
limitation ratio and the energy-limitation ratio are related to 
the current rating of the fuse link, to the prospective fault 
current and to the time of operation. In order to express the 
degree of severity of a fault on a fuse link, the concept of 
‘severity factor’ is introduced, showing the relation of the fuse- 
link rating to the prospective fault, 


Prospective fault current 


Severity factor = ; , 
CA SSO Fuse-link rating 


The limitation of the fault power varies as the square of the 
limitation of the fault current, and is expressed by the ratio: 


(Prospective fault current)? 
(R.M.S. admitted current)” 


Fault-power-limitation ratio = 


The relation between these is shown in Fig. 9. 


As an example, a fuse link of 100 amp rating on a prospective 
fault condition of 10kA has a severity factor of 100. From 
Fig. 9 the fault-power-limitation ratio is 7, i.e. the fault power is 
one-seventh of that which would have been passed by a non- 
limiting form of protection. At 50kA the severity factor is 500 
and the power-limitation ratio is 60. 

The energy-limitation ratio is the product of the fault-power- 
limitation ratio and the ratio of the time taken for the fuse link 
to operate to that of the alternative form of protection. It has a 
bearing on calculating cable-heating effects and the energy 
released at the point of fault. 

To calculate the energy-limitation ratio the total time of 
operation of fuse must be compared with an alternative form of 
protection. The total time of operation is the sum of the pre- 
arcing and arcing periods. It has been found that the effective 
arcing period may be taken as equal to the pre-arcing period 
for the purposes of the calculation. Fig. 7 gives the pre-arcing 
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Fig. 9.—Curve for determining fault-power-limitation ratio. 


time for varying prospective currents, and doubling this gives 
the effective total time of operation. The alternative form of 
protection may be a circuit-breaker, whose time of operation 
will not usually be less than one cycle, or 20 millisec on a 50c/s 
supply. 

The 100 amp fuse will then operate in 3-4 millisec on a 10kA 
fault, and in 1-2 millisec on a SOKA fault. The ratio of operating 
times are therefore 6:0/20 on a 10kA fault and 2-4/20 on a 
50kA fault. 

These time ratios, multiplied by the respective power-limita- 
tion ratios, give the energy-limitation ratios, so that the 100 amp 
fuse link would limit the energy circulated in the ratio 1 : 46 on 
a 10kA fault and 1 : 1000 on a SOKA fault. 


(7) CONCLUSIONS 


As to the future, the h.b.c. fuse link shows no sign of losing 
its popularity in Great Britain. Small and relatively inexpensive, 
it provides a form of protection which requires no attention and 
which limits the energy circulated under severe fault conditions. 
The scope for its application is widened by new forms of elec- 
trical apparatus. In North America the fuse link is again 
attracting attention after a period during which, because of the 
large sizes and the rather unsatisfactory electrical qualities of 
some of the local products, much development work has been 
carried out on small circuit-breakers in plastic cases. These 
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Mr. J. W. Gibson (at London): The paper gives an interesting 
survey of British and Canadian requirements and describes a fuse 
which admirably satisfies both. A breaking capacity of 35 MVA 
is the highest so far specified in B.S. 88, while the Canadian 
specification calls for rather more than twice this, largely because 
Canadian practice tends to less system sectionalizing than 
British. 

I cannot agree with the author’s interpretation of the Canadian 
specification when he states in Section 1.1 that an object is to 
ensure adequate time lags; in fact, as in other North American 
specifications, emphasis is on the avoidance of excessive time lags 
with small over-currents. Nevertheless, I consider the time/cur- 
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have been widely used, but even on these there is now a trend te , 
fit the larger sizes with back-up fuse links. 4 

It has been stated that the design of fuse link considered wil) 
progressively limit the cut-off current faults exceeding 20 times i 
the full load rating. The destructive power of faults varies as 2 
the product of the square of the current circulated and the time!) 
of fault duration. The limitation afforded by the use of fuses j 
is particularly beneficial at points on the circuit of relatively) } 
high resistance and small heat capacity, such as contactors anc} 
isolating switches, which remain relatively undamaged on severe 
faults. It is also of great importance in limiting the damage al 
the location of the fault. 

A direct measure of this capacity of a fuse link to limit fauli 
current is its pre-arcing constant, K,. From it the current at 
which the fuse link commences to ‘provide limitation can be: 
ascertained and the degree of limitation on larger currents car) 
be calculated. It also leads to an assessment of the maximum| 
thermal stresses to which a circuit protected by a fuse link car 
be subjected. For these reasons it is suggested that revisions 07 
B.S. 88: 1952 and C.S.A. Code 106 could, with advantage, rie 
pre-arcing constants to be quoted. 

The author believes that the North American regulation whict © 
insists on a fusing ratio of 1-35, corresponding to the fusing 
factor of 1-25 of Class P of B.S. 88 for all general work, gives 2)) 
greater degree of protection against fire risk than our arrange» 
ments in Britain, particularly for domestic installations. [) 
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rent characteristic of the author’s fuse to be excellent, in that!’ 
close protection is given against over-currents and that it operates) 
quickly on heavy faults, while being relatively slow at inter-) 
mediate currents. Thus, for motor service, excessive over-fusing . 
is avoided, while the contactor is well protected, not only against _ 
very severe faults, but also against damage through dropping ou 
with lesser faults as the result of loss of coil voltage. 

In practice, the risk of deterioration of fuses using M-effect is” 
very small; they have been used successfully in millions for many 
years. The resistance/temperature coefficient of the element 
metal causes the temperature to change considerably with a smal _ 
change of current as the melting point of the plug is approached; 
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hus the band of current within which deterioration can occur is 
ery narrow. Since in the author’s fuse the copper and the low- 
nelting-point insert are soldered together, one might expect 
Ml-effect on overload. Is this so, or is the circuit broken by the 
nelting of the insert as a whole before there is appreciable 
malgamiation with the copper? 

Table 2 shows the fuses uniformly rather faster than predicted 
yy calculation. Can the author say why? Was a similar dis- 
repancy observed on the reduced-current tests of the Canadian 
pecification? The insulation resistances, while all satisfactorily 
nigh, conform to no pattern in their variation. So far, there 
eems to be no adequate explanation for this very usual pheno- 
nenon with powder-filled fuses. What are the author’s views? 

The fault-power-limitation ratio can readily be shown to be 
‘qual to the pre-arcing time divided by the virtual pre-arcing 
ime. Since Fig. 9 shows a single curve, the assumption must 
iave been made that, at rated current, the current-density at 
he ‘necks’ is the same for all current ratings. This is presumably 
‘onsidered a reasonable approximation for the author’s fuses, 
though it could not be applied to high-voltage fuses, where heat 
enduction from the elements is mainly radial, so that the current 
lensity falls considerably with increase of current rating. The 
licpe of the curve is 4/3, which accords with the well-known fact 
at, for large prospective currents, the cut-off current varies as 
Se cube root of the prospective current. However, for the lower 
mult-power-limitation ratios, the slope of the curve could be 
ixpected to diminish. 

i agree with the proposal that fuse standards should require 
ere-arcing constants to be made available; this could be done 
‘ither directly or by furnishing virtual-time curves, as in Fig. 7. 
the method of preparing such curves is already given in 
%.S. 2692: 1956 for h.v. fuses. The pre-arcing constant is then 
ierived from the short-time end of the curve by multiplying time 
vy the square of the corresponding current. Furthermore, I 
uiggest that fuses be classified in terms of the current to cause 
nelting in some such time as.5 sec. 
| Mr. H. W. Baxter (at London): It is gratifying that the author 
jas succeeded in producing a range of fuses that give adequate 
«rotection without untimely blowing by harmless surges. 

_ In support of the author’s statement that maximum-breaking- 
apacity conditions are no longer the most onerous, I have 
sested an experimental fuse that cleared a prospective current of 
\OKA satisfactorily but shattered when tested at 3kA and at the 
tame power factor. 

' The melting time is determined by a number of physical pro- 
yerties, namely resistance, mass, density, specific heat, thermal 
sonductivity, thermal diffusivity and melting point. Has the 
vuthor succeeded in confining the time-lag to the smaller over- 
vurrents, since to increase the lag with large over-currents reduces 
che ultimate breaking capacity ? 

' With regard to Fig. 9, I query the assumption in regard to the 
‘ypothetical circuit-breaker operating in an arbitrarily chosen 
ime. Circuit-breakers do not have zero impedance: a 100 amp 
sir-break circuit-breaker can have an impedance of one milliohm 
‘T more, and this is sufficient to halve the power in a 600-volt 
--phase circuit of 80kA prospective current. Moreover, a fuse 
wperating with a small over-current might not operate quicker 
tian a circuit-breaker of similar rating, so that the severity factor 
«@<¢ fault-power-limitation would be no greater than unity. I 
sherefore suggest that the lower end of the curve should pass 
-hrough the point 1: 1 and not 25: 1 as at present shown. The 
2ser would probably be more interested in the value of Jf i7dt, 
‘Di ietimes called the amp” seconds, passed by the fuse. 

! Mr. E. C. I. Macdonald (at London): This paper records some- 
?g of a landmark, on two counts: a large oversea market for 
> Pritish product has been studied, and to make sure of entering 
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it successfully, an article has been produced which not only 
complies fully with the relevant regulations but—and this is the 
important point—also provides complete interchangeability with 
the local product. This example should not be ignored by 
industry in the United Kingdom. 

The author’s device for providing short-circuit zones in the 
fuse element by means of holes instead of necks and so reducing 
dimensions is interesting, but as a general point I think that per- 
sistent reduction of dimensions can be overdone, particularly in 
equipment which is used on systems with relatively high fault 
duties. 

Clause 19 of B.S. 88 gives some guidance on the mounting of 
fuses for test, but the equipment in which fuses are subsequently 
used, particularly in distribution networks, introduces operating 
conditions very different from those under which the fuses are 
tested. Bad conditions for heat dissipation and dirt accumula- 
tion are by no means uncommon. 

There appears to be no insistence that the minimum-fusing- 
current and duty tests shall be carried out on fuses at their work- 
ing temperature. At present the fuse is allowed to cool to 
ambient temperature for these tests. Surely the internal condi- 
tion of a fuse which has carried its rated current for two hours 
or more is much more sensitive to overload than it would be if 
the same overload were applied to a nearly cold fuse? Why 
should the fusing-current and duty tests not be applied to the 
fuse after it reaches a steady temperature due to a current flow 
of, say, 75% of its rating? 

In rural areas the problem of medium- and low-voltage fuse 
protection differs somewhat from that of the protection of indus- 
trial plant, and in some respects the fuse must comply with rather 
conflicting requirements. Heavy loads must be handled, and 
the transient overload condition is much less severe than in indus- 
trial plant, or does not occur. The peak load is reached rela- 
tively slowly, and this, associated with a comparatively low 
available fault power, makes a low fusing factor desirable. 

Mr. E. Jacks (at London): The paper is in two parts—a review 
of h.b.c. fuses generally and a description of a particular type of 
fuse in which the author is interested. I feel that the bias 
towards this particular design has led him to imply comparisons 
which do not reflect either current usage or current practice. 
The pros and cons of time-lag and quick-acting fuses have been 
familiar to engineers in this country for many years, and the 
latter have proved the more popular. 

Since British manufacturers are able to meet the higher rup- 
turing capacity required in Canada, it is time that British 
Standards recognized the fact. In this respect B.S. 88 has 
lagged behind world opinion. Hitherto, it has been considered 
good practice to sectionalize systems and so keep fault levels 
down. This is sound engineering so long as it remains eco- 
nomical, but the use of h.r.c. fuses with higher rupturing capdaci- 
ties can save money, and should be seriously studied from this 
aspect. 

Finally, although the author mentions that the Canadian 
specification has been framed around British experience, the 
general impression given is that North American requirements 
and practice are ahead of those in this country. One has only 
to remember that the Canadian specification for h.r.c. fuses 
made its only appearance 5 years ago and that the United States 
as yet has no specification at all for them to realize that this 
country still maintains a considerable lead. 

Mr. E. W. Sugden (at London): The first widely successful 
h.b.c. fuses were introduced in the early 1920’s by the late 
Vernon Hope and were recommended by Grant* in 1926 for 
breaking capacities of 100 MVA at 600 volts. They exploited 
two essential features, both of which are retained in the designs 


* Grant, L. C.: ‘High-Power Fusible Cut-Outs’, Journal I.E.E., 1926, 64, p. 920. 
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reviewed by the author, namely deliberate energy limitation by 
current cut-off and the provision of a low fusing factor, so 
ensuring close protection of the circuit, the use of available 
materials with safety, and the possibility of freedom from 
deterioration under all likely conditions of load and overload. I 
think that the possibility of achieving the latter has been gener- 
ally underestimated, so that Hope has not been followed in 
respect of low fusing factor as he has in the provision of con- 
trolled pre-arcing constant, which is now a feature of all suc- 
cessful h.b.c. fuses. 

To some extent a low fusing factor was especially essential to 
the Hope fuse, on account of his use of fibre tubes; but although 
ceramics are now used, the dependence of a non-ageing charac- 
teristic on a low fusing factor has been realized over the years, 
and this feature is retained. 

The use of copper instead of silver in the fuse element helps 
towards the achievement of the same end, because copper is 
relatively insensitive to the M-effect. A dual-purpose element, 
in which the circuit contains a discontinuity consisting of 
low-melting-point metal to fuse promptly at or below the 
temperature at which the deterioration of conductivity is 
initiated by M-effect, is far easier to provide with copper. I 
do not wish to belittle in any way the use and value of silver fuse 
elements, nor, indeed, to criticize the use of M-effect to lower 
the minimum fusing current and secure a blow at a temperature 
nearer to 250° than 950°. I believe that the use of M-effect is 
the only effective alternative to the dual-purpose element yet 
discovered, and this, I believe, is by far the most important 
reason for the widespread use of silver as the element metal. 

{Similar points were raised by several other speakers. ] 

Mr. W. J. Elliott (at London): It is difficult to appreciate the 
advantages of a dual-element fuse of the characteristics shown in 
Fig. 7 when used for the application shown in Fig. 2. The whole 
of curve (c) in Fig. 2 would appear to lie in the time-lag zone of 
the fuse characteristic, and unless the change from h.b.c. zone 
to time-lag zone can be brought much closer to the take-over 
point of curves (c) and (b), the let-through current on short- 
circuit will be much higher than it would with a simple h.b.c. 
element [see curve (iv), Fig. A]. 
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Again, the take-over point cannot be determined as a definite 
current. Both curves (ii) and (iii) are subject to variation from 
the ideal. Fig. B shows these curves replotted with tolerances 
on currents of +5% for the fuse and +10% for the trip, and 
indicates that with a given design the fuse may blow at as low a 
value as 64 times full load, but the starter must be capable of 
breaking more than 10 times full load. 
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Furthermore, selection of an overload setting cannot be mad 
by direct comparison of a trip curve with a motor-current curve, 
In Fig. C, AC is the steady current which would trip the starter in 
10sec, while AB is an instantaneous motor current and less than} 
that which has been flowing up to that time. The r.m.s. value,’ 
AD of curve (i) between 0 and 10sec, is the steady current): 
equivalent to the varying motor current over that time, and) 
curve (ii) shows the progressive variation of this equivalent with) 
time. This curve actually cuts the lower limit of envelope Gay 
and so the starter may trip. This will result in derating the trip) 
and uprating the fuse, so that the 1-25 factor of fusing current) 
to full load cannot be maintained. Not only would there appeai) 
to be little advantage therefore in using a dual-element fuse, but 
a simple h.b.c. element [curve (iii)] would give lower cut-off for 
the same take-over current. 

[Similar points were raised by several other speakers. ] I 

Mr. C. G. Whibley (at London): From Section 6, I conclude. 
that the severity factor and the fault-power limitation ratio nave 
no practical value except to make Fig. 9. The important thing 
required in the fuse world is not factors which must be converted 
back to actual units for the necessary calculations, but expres: 
sions which are simple and direct. In that respect I appeal for 
two quantities, namely the peak cut-off current and the ‘on 
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amp?-seconds during fault clearance. The former will provide 
data for the design of the associated electrical contacts and con- 
ductor support to meet initial thermal and electromagnetic forces, 
and the latter will give a value from which the energy released 
in the circuit can be calculated to evaluate the thermal rating 
of the conductors and the fire risk at the point of fault. These 
direct quantities can be obtained from the oscillograph records 
which are essential for the proof of performance either to 
Canadian or to British requirements. I emphasize the need for 
‘these simple and direct figures because I agree with previous 
speakers that the h.b.c. fuse has a very definite place in our elec- 
trical industry. 

Mr. J. A. Robbins (at London): The suggestion of using fusing 
factors of about 1-3 would seem to give a desirable improvement 
in fire-risk protection, particularly since some cable current 
‘ratings have been increased since the effective completion of 
Gosland’s investigation. If, however, fusing factors of 2 are 
‘considered to give adequate protection against cable overloading, 
‘I would support a suggestion that The Institution’s Wiring Regu- 
lations may with advantage be modified to permit using smaller 
cables when they are protected by devices having fusing factors 
of about 1-3. One major point relevant to fuses with these low 
fusing factors is that this performance must not be achieved at 
tie expense of unwanted operation on such transients as motor 
\starting currents, otherwise this development will almost inevit- 
‘poly result in overfusing troubles. 

In Section 13(c), circuit-breakers are classed as non-limiting 

protection, but this is not necessarily true. The impedance of 
jeven 100 amp circuit-breakers can give a degree of current limi- 
‘tation. Certainly the internal impedance of lower current 
‘ratings of miniature circuit-breakers produces very definite 
\current limitation. Current chopping can also take place, which 
jagain is effectively current limitation. 
The circuit-breaker operating time of 1 cycle quoted in 
{Section 6 seems high: usually the overall operating time of 
/ miniature circuit-breakers under such conditions is about 4 cycle 
(10 millisec). 

1 should like to clarify the comment in Section 7 regarding 
/miniature circuit-breakers with back-up fuse links. American 
‘‘moulded case’ circuit-breakers may be rated up to about 
1600 amp, and only for these larger units has interest been shown 
in using back-up fuse links. Experience has shown that, on 
‘normal installations, high breaking capacities are not really 
(required with ratings of 60 amp or less. Consideration is really 
being given to using back-up fuses only on ratings above about 
(100amp, thereby retaining the operational convenience of 
\circuit-breakers despite rather higher prospective fault currents. 

Dr. H. F. Maass (at London): This design of dual-element fuse 
presents in effect two fuses in series: the short-circuit zones and 
ithe centre time-lag insert (Fig. 6). It is therefore essential to 
show that the performance of both is satisfactory individually 
‘and that they will operate together without difficulty. The 
/ British and Canadian Standards cover the duty of fuses by 
‘breaking-capacity tests at maximum prospective current and, for 
‘current-limiting fuses, at a lower current at which severe arc- 
energy conditions obtain. Satisfactory performance of these 
‘tests by the fuse described proves only the performance of the 
‘short-circuit zones; the centre insert does not come into opera- 

tion, and further tests at the 1-2sec fusing current appear indi- 
«<#ted to show that this part of the fuse is capable of breaking the 
“-rcuit at full voltage. Have such tests been made? 

The tests for non-deterioration (Section 5.1) check the centre 
‘insert only and not the short-circuit zones—the reverse position 
‘te that just described. The short-circuit zones would be severely 
‘s’-essed in service without actually blowing, in case of back-up 
'y otection for a lower-rating fuse. They are of tinned copper, 


273 


which is more likely to deteriorate than silver.* Also the fact, 
apparent from Table 2, that the pre-arcing time is somewhat less 
than calculated may point to such deterioration. 

With regard to co-operation of the two parts of the fuse, an 
overlap in the take-over region is needed, and some evidence of 
its existence is desired. 

Mr. D. B. Hogg (at London): As a user of fuses in a large-scale 
industry, my experience has been that, when the types com- 
prising a large number of small silver-wire elements in parallel 
are used to protect large squirrel-cage motors with direct-on-line 
starting, they are apt to deteriorate, whereas no deterioration was 
noticed in many hundreds of such cases using the author’s fuses. 
The reason for this may be as follows: in the multi-wire-element 
fuse, because three fuses are required, the heavy magnetic forces 
with the very large starting currents drive the current to the few 
outer elements in the two outer fuses, so that these elements, 
instead of carrying 6-8 times the full load at starting, may be 
carrying 60-80 times full-load current per element, and it is 
thought that one or more will melt, owing to the M-effect. If 
this happens, of course, there are fewer wires for the next time 
and deterioration will be rapid, so that the fuse may melt below 
normal full-load current. With the author’s fuses, on the other 
hand, which consist of two thin copper foils in parallel and a 
large alloy pocket in the middle, even if the starting current is 
driven into one of the foils, thermal conduction will tend to keep 
the temperature down. 

In the earlier and somewhat smaller forms of these fuses, when 
the cases were made of organic materials, the copper strips were 
brought out through the ends and became part of the contact, 
ensuring that the strips in different fuses were parallel to one 
another and thus making the conditions much easier. With the 
new ceramic pot fuses the strips may be at any angle to one 
another, but the change is not thought to be material. Has the 
author been able to carry out any tests which would have a 
bearing on the above suggestions? 

Mr. G. N. Harding (at London): Are the author’s fuses capable 
of dealing with the surge currents caused by the use of C-core 
transformers, where the initial peak may rise to the order of 
30-40 times the normal operating current of the transformer 
but protection is required against steady overloads of the order 
of 2-3 times the normal current ? 

Secondly, will the fuses, which use a tin-lead alloy, withstand 
conditions of vibration and shock ? 

Thirdly, is it possible to design a fuse to meet such conditions 
when operating in ambient temperatures in excess of 200° C? 

Messrs. B. C. Hicks and K. Dannenberg (communicated): In 
Section 2 the author states that there are only two practical 
solutions to the problem of reducing temperature rise under 
overload conditions with a low fusing factor, namely the M-effect 
or a time-lag device; but we would point to other methods, both 
chemical and mechanical, for achieving this. Some years ago, 
Continental literature described the use of alkali halides 
attached to the silver element. These salts are extremely stable, 
but on melting due to the temperature of the conducting element 
on overload, a liquid containing free halide ions is formed. This 
quickly reacts with the silver element, increasing its resistance and 
causing the fuse to operate. Another method is the use of 
flash powder, which, when ignited, open-circuits a percentage of 
the conducting elements. This achieves low cut-off currents, in 
contrast to the author’s fuse. 

Test evidence relative to the h.b.c. fuse described should be 
provided, in order to prove that the fuse will interrupt satisfac- 
torily when the thermal device on its own is subject to a maximum 
current condition about 7 times the fuse rating. 

The author suggests in Section 5 that his deterioration tests at 


* BaxTER, H. W.: ‘Electric Fuses’ (Arnold, London, 1950), pp. 25, 26 and ob. 
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over-currents below minimum fusing are unique; but some, and 
probably all, manufacturers have done similar tests. Deteriora- 
tion would likely occur within the tinned-copper short-circuit 
zones of the dual element. The author’s deterioration check 
concentrates on the condition of the thermal device with a mini- 
mum fusing-current test. 

There are prospective currents where sufficient energy, both 
from the adjacent short-circuit zones and as direct-current 
heating, passes into the thermal device, causing volatilization 
of the boric oxide and therefore an increased critical stress on 
the fuse ceramic. This could occur at currents of 10-15 times 
the fuse rating, and test evidence of the fuse link in this region 
would appear to be essential. 

Mr. T. B. Rolls (communicated): For at least 25 years the term 
‘h.r.c. (high rupturing capacity) fuse’ has been widely used in this 
country. B.S. 88: 1952 (Appendix A, Section 6) condemns this 
expression, first as being vague because ‘high’ is merely relative, 
and secondly, because B.S. 205 substitutes ‘breaking capacity’. 
At the best ‘breaking capacity’ must be carefully related to the 
prospective fault current before it has any real meaning when 
applied to a fuse. Must we now start the term ‘h.b.c. (high 
breaking capacity) fuse’, which is accepted by neither B.S. 88 
nor B.S. 205? If we must alter our nomenclature, would it not 
be better to drop ‘h.r.c.’ and ‘h.b.c.’ entirely and refer simply to 
‘cartridge’ fuse links and, where greater precision is needed, 
refer to B.S. 88? 

Mr. J. K. Wheeldon (at Glasgow): The current limit of 80kA 
specified in C.S.A. 106 is higher than that in B.S. 88. This seems 
to encourage system engineers to lay out systems with very high 
short-circuit currents, which is surely the wrong policy. 

It is not essential for all fuse links for Canada to have Form I 
overhead characteristics, and Form II fuses which are equivalent 
to the British Standard Class Q fuse have many applications. In 
Section 2 the author states that simple elements of silver and 
copper are not suitable for the production of cartridge fuse-links 


Fig. D.—Radiographs of blown ‘and unblown fuse elements. 
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fulfilling all requirements. This is incorrect: Fig. D shows | 
radiograph of an unblown fuse and a fuse blown at 440 volth 
ACS rating. Simplicity of design and the use of silver in th» 
centre of the fuse link make for reliability, and this can certainl || 
be claimed for the design shown, which meets the full require)’ 
ments of B.S. 88. 

Mr. J. E. Sayers (at Glasgow): My main interest lies in na 
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tection of final sub-circuits for motors. Ratings of a.c. switchiny)) 
starters covered by B.S. 587 assume starting currents not exceed | 
ing 8 times full-load current up to 100h.p. and 6 times abowl 
100h.p. Therefore the cross-over point between curves (b) anc” 
(c) in Fig. 2 should be not higher than these values, depending > 
on the size of motor protected, otherwise the motor starter na 
have to break currents substantially exceeding its rating. 

The author indicates that the dual-element fuse link can be 
made to operate at a fusing factor as low as 1-1 with a long) 
time-lag for motor-circuit protection. This is invaluable fo: ~ 
starting high-inertia drives, such as fan impellers, where starting ~ 
times of 25-60sec or more are common. With such drives the) - 
period of high starting current shown in Fig. 2 must be greatly > 
extended without running into operation of the fuse or overloac)) 
protection. Thermal overloads will meet these conditions, bu’ 
the fusing of motor circuits from a distribution board is 2) 
difficult problem. It is a poor solution to overcome this diffi: | 
culty by the all too common practice of using a fuse of high 
fusing factor and high rating, with consequent repercussions or & 
protection of circuit cables or even the need for larger cables than. 
are otherwise warranted. On this point also, I would question 42 
Fig. 2, which indicates a fuse rating at least three times greater © 
than the normal motor current. i, 


I take it that the author’s point in his concluding paragraph is 
that the low fusing factors used in America (1-35), or obtainable 
with the fuses he has described (1-25), give greater protection)’ 
than the ratios of about 1-7-2-0 more commonly employed in|) 
this country. Surely this contention cannot be disputed. 

Mr. W. H. Howard (at Glasgow): Its inverse-square current/time}/ 
characteristic gives the h.b.c. fuse link a speed of operation)! 
which cannot be matched by any other device at such low cost,|» 
and provides a unique measure of protection against thermal” 
shock and open flashing in lightly conductored installations.|> 
Whereas a correctly chosen h.b.c. fuse link can generally provide v 
complete short-circuit protection at system fault levels up to its © 
proved breaking capacity, the much greater clearance time of al: 
similarly rated circuit-breaker may result in permanent damage}: 
and much greater fire risk in a lightly wired installation. 

Public network fault levels will continue to rise as the industry}? 
develops. Attempts to hold systems to low, arbitrarily chosen, 
fault levels lead in the long run to uneconomic designs, and I feel! 
that this is not sufficiently appreciated by system designers. For!’ 
an optimized low-voltage network design, for example, a loadi 
growth of four times can best be met by twice the number of 
transformer stations, each station having twice the rating; and: 
unless transformer impedances are also increased or costly sub- j 
division of capacity is resorted to, a substantial increase in fall 
level is the result. A further point to be taken into account is | 
the substantial increase during recent years in the use of voltage- 
sensitive appliances, including electronic equipments. During 
the same period there has been an increase in the use of plant of | 
the rougher kinds, and the sizes of individual units are con-» 
tinually increasing. If these trends continue, stronger supply — 
networks will become necessary. For these reason I believe b 
much greater use will be made of h.b.c. fuse links in order to 
obtain acceptable standards of safety in consumers’ installations. - 

Mr. C. Ayers (at Manchester): It is of interest that in various > 
specifications the fuse is recognized as a specially designed piece > 
of electrical equipment, although its characteristics, apart from p 
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ithe highest breaking current and the minimum fusing current or— 
in certain specifications—two low currents, are not defined. In 
fact, phrases such as ‘a given current for a sufficient time’ are 
scommon. Such loose definitions are not in the best interest of 
further development of a specially designed piece of equipment. 
There are two regions of operation of particular interest which 
involve different considerations of circuit design, namely 


(a) The high-current region in which the fuse element ruptures in 
less than half a cycle, exhibiting cut-off, and where discrimination 
with other fuses is of prime importance. 

(6) The low-current region in which the fuse ruptures in times 
varying from half a cycle up to possibly hours, where co-ordination 
with other forms of protection is a major consideration. 


In the high-current region I agree with the author that one of 
‘the major parameters of interest is the pre-arcing constant 
coupled with the concept of virtual time. For positive dis- 
‘crimination between major and minor fuses the author states that 
‘the pre-arcing constant of the major fuse should be twice that of 
‘the minor. Other published data indicate that the ratio, based 
son rated current, should be 2:1 or 3:1, depending on the 
‘prospective current but more significantly on the manufacturer 
‘ef the fuse. Such a simple relationship applied only to a con- 
‘sistent range of fuses designed in a similar manner, not to fuses 
co: different design or manufacture. Surely the time has now 
jarrived when standardization would be of benefit, and I suggest 
‘tiat manufacturers present information regarding the heat 
integrals at the critical points of operation. 

Mr. E. Jacks (at Manchester): In view of the similarity of the 
‘design in Fig. 4(a) to one in current use it should be stated that 
'M-effect need not be involved in such an element. All that is 
‘required is to proportion the element so that the arc is initiated 
‘at the centre of the gap, thus leaving the joints unaffected 
when the fuse is interrupting overload currents. M-effect can be 
‘useful when properly controlled, but it should not always be con- 
‘sidered a necessary adjunct to obtaining desirable time/current 
‘characteristics. 

The author’s reference to energy limitation rightly draws 
‘attention to one of the more important attributes of h.b.c. fuses, 
jand although the introduction of new terms must proceed with 
‘caution, the suggestion made will form a useful basis for further 
‘study. 

Dr. H. F. Maass (at Manchester): I do not agree that the two 
values of maximum blowing time specified for Canadian Form | 
effectively govern the time/current characteristics of a fuse and 
‘assure adequate time-lag. The specified times are relevant to 
sustained overloads only, and time-lag performance is not con- 
trolled. The effect of B.S. 88: 1952 is similar; it is also based 
‘on two tests: blowing and non-blowing currents at a stated time. 
‘Besides this provision, B.S. 88 requires manufacturers to produce 
sime/current characteristics, and I favour a standard form of 
‘ouble-logarithmic graph paper for these with a ratio of cycles 
of 2:1, as in Fig. 7, but with the time and current axes inter- 
changed. The author has a preference for fuses with low 
‘ninimum fusing currents. Such fuses no doubt have their 
eld of application but are hardly desirable as general-purpose 
units. Considering only one important application, the author’s 
2ase is considerably weakened by his statement in Section 1.3(a) 
that the fuse links in question will have thermal overload pro- 
tion. It seems that the fuse is encumbered unnecessarily by 
a arrangement giving close control in a current range where 
lke motor is protected by the thermal relay and which is below 
+ prospective fault current of the cable connecting fuse and 
relay. 

Mr. A. L. Lawrence (at Manchester): To prove non-deteriora- 
“+n the author deals in Section 5.1 with pre-arcing times longer 
‘an 1sec; but if non-deterioration is to be proved for all 
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currents which do not cause the fuse to blow, then surely it must 
also be proved for pre-arcing times where the h.b.c. zones of the 
element are to operate and not only for the centre insert. Two 
eventualities have been given, but is there not a further case 
where two fuses in series are required to discriminate at all 
currents? For short pre-arcing times of the minor fuse, the 
major fuse may have the h.b.c. zones sufficiently stressed to cause 
deterioration. Should not this third eventuality be considered ? 

For the very long operating times, test 1 is suggested at a 
current 5% below the minimum fusing current. This is very 
useful, and it is of interest to note that it is similar, but with a 
longer duration, to part of the minimum fusing test in B.S. 88: 
1952. Test 2 is equivalent to testing the 100 amp fuse considered 
at 75% of the 1 sec fusing current given in Fig. 7. In view of the 
95 % value in test 1, would it not be possible to increase the 75% 
value used in this test? I appreciate that somewhat more 
elaborate test equipment might be required, but I do know of 
one Continental manufacturer who uses a test of 90% for 
another purpose. 

For pre-arcing times shorter than | sec no tests are suggested. 
Should not a further test covering the eventuality already men- 
tioned be made at the rated voltage, by testing two fuses in 
series? With a 100amp and a 60amp fuse in series, the 60 amp 
fuse would operate leaving the 100 amp fuse intact, which could 
be checked for deterioration. With this further test, non- 
deterioration can be considered up to the breaking capacity of 
the fuse and not restricted to times above 1 sec, as given in the 
paper. 

Mr. C. A. M. Thornton (at Manchester): When B.S. 88 is 
revised I suggest that the categories of duty should be modified 
by increasing the prospective current for ACI and AC2 duties and 
by adding 660 and 750 volts to the list of alternating and direct 
voltage ratings, the latter for the Continental market. I would 
not suggest a prospective current higher than 46kA unless the 
American market demands it. As many as possible of the 
categories of duty at the various voltages should have the lead- 
ing dimensions of the cartridge fuse links standardized, and 
physical dimensions should be a minimum consistent with satis- 
factory performance on test. Complete fuses should also be 
units of minimum physical size. I prefer the contacts between 
the fuse link and carrier contact, between the carrier and base 
contacts and between the base contact and the cable to be inde- 
pendent. The maximum temperature rise at rated load any- 
where on the surface of a cartridge fuse link should be specified, 
and there should be provision for non-explosive indicators. A 
test finger should be introduced for testing danger when the 
carrier is partially and completely removed from the base. 

Attention should be given to the requirements of cartridge 
fuse links in industrial plugs for use with ring-main-connected 
sockets, ultimately up to 200 amp rating and for single-phase, 
3-phase and d.c. use up to 750 volts. These will either require 
compact cartridges mounted in the plug top or preferably fuse 
pins, particularly up to 63 amp. Pin diameters envisaged for the 
new international plug standard in course of preparation by the 
C.E.E. are 5, 6 and 9mm for the 16, 32 and 63 amp ratings 
respectively, and the pin volumes envisaged are respectively 0-5, 
1-1 and 3-0cm*. To bring fuse-link cartridges within these 
dimensions involves development beyond B.S. 1361 or 1362, and 
I suggest that the maximum category of duty that can be accom- 
modated in this pin space at various voltages should be 
investigated. 

Mr. A. J. Coveney (at Leeds): Fuses can obviously be made 
with fuse factors varying from 1-3 to 1-9, and it is usually 
accepted that, if a fuse is essentially required as a fault-clearing 
device, the low fusing factor is not essential. If the author has, 
as he says, produced a design which can meet both fault-clearing 
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and overload requirements, he has obviously achieved something 
worth while. 

Industry is to-day considering the testing and certification of 
fuse links as distinct from fuses. It should be quite clearly 
stated that if a fuse is tested, then it means the whole unit, i.e. the 
carrier, base and contacts, as well as the fuse links. Results 
here can be very different from those of tests on fuse links only. 
It is noted that in test 2, Section 5.1, the author has made a test 
for half the time which is considered necessary to blow the fuse. 
I should have thought that, to prove there was no deterioration, 
he would have been prepared to make the test more nearly 
approach the fusing time. 

It is now universally recognized that the modern cartridge fuse, 
with its short clearance time, is eminently suitable for short- 
circuit clearances, and this feature has led to a tremendous 
increase in their use in place of circuit-breakers. There is a 
danger, however, in the making of a circuit under possible fault 
conditions. It can be a very difficult and slow operation to 
insert a heavy current fuse link with its carrier by hand into its 
base contacts. There have been cases of injury to personnel 
carrying out this operation when fuses were being replaced on 
circuits left with faults on them. In my opinion, cartridge fuses 
must be used in conjunction with a fault-making and through- 
fault-carrying air-break switch, and so interlocked that the fuse 
is in position before the switch can be closed. 

Mr. B. Summerville (at Leeds): How does the fuse link 
developed for the North American market differ from that 
which the author’s company has been manufacturing for many 
years? 

Mr. F. Clarke (at Leeds: communicated): The three tests 
specified in Section 5.1 should do much to allay any fears 
regarding the possible premature fusing of h.b.c. fuse links, but 
the paper does not make the position clear regarding these tests. 
How widespread are such tests and are they carried out on fuses 
for the British market? 

I agree with the author that springs and other moving devices 
should be avoided, but would like to have confirmation that the 
dual-element strip shown in Fig. 6 does not suffer from the 
defect usually associated with M-type elements, i.e. erratic opera- 
tion at currents between full-load and minimum breaking 
current. 

Mr. R. H. Dean (in reply): The discussion, apart from minor 
details, has centred on two main points, namely the operation 
of the fuse link on large prospective currents and the per- 
formance when time lag is required in relation to motor starting 
currents, with the reference to regulations concerning the 
relation between the fuse-link rating and the cable ratings. 

H.B.C. Fuse Performance——The reason why, in Table 2, the 
fuses are uniformly faster than predicted by calculation, as 
pointed out by Mr. Gibson, is because a heat-dispersion factor 
was included in the calculation. Had we assumed no heat loss, 
the test and calculated figures would have been almost identical. 
Again, referring to Table 2, the insulation resistances vary in a 
manner for which, at the moment, we do not know the reason, 
although they well exceed requirements. I believe that the 
M-effect does not operate to a significant extent with copper 
and thus with this design of fuse. Several contributors have 
rightly commented on the joint between the copper strips and 
the centre tin-lead-alloy plug. This joint is designed so that it 
does not melt on any overload condition and so is not a zone of 
operation of the fuse, but transfers the heat from the h.b.c. 
perforations through as wide an area and with as low a tempera- 
ture gradient as possible. 

Mr. Baxter asks whether the centre time-lag zone affects 
operation on large currents. The centre portion operates on 
currents of up to approximately ten times the rating of the fuse 
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link. Up to 15 times the rating the presence of the centr| > 
portion increases the time lag, although blowing on the h. bc) 
perforations ; but above this current, the amount of heat trans) ) 
ferred is so small that it has no effect. In preparing Fig. 9 th)” 
resistance of certain types of circuit-breaker was not included); 
so that it would in part compensate for other factors, such aj)» 
asymmetry. The main purpose of this Figure was to demon); 
strate that the reduction of power and energy under fault con) 
ditions by the modern h.b.c. fuse link is of such an order that ify) 
could be taken to be axiomatic that a circuit protected by th 
modern h.b.c. fuse cannot be damaged by fault current of an.) t 
magnitude. ) 

Motor Starting-Time Tie eenne now to the operation 
under motor starting conditions, Mr. Elliott, Dr. Maass, Mr) | 
Wheeldon and Mr. Ayers have made valuable contributions, bu a 
in every case they have regarded the fuse link as being incor) 
porated in the apparatus it is protecting, ic. for back-up pro} 
tection. It is not the object of the paper to examine the desigi/«| 
of fuse links for special purposes. The fuse link normally usec 
must, by regulation, protect the circuit cable. In this contex 1 


headings: 


(a) Is it desirable that a fuse link should operate on a minimun 
fusing factor of 1-25 (Class P, B.S. 88)? 

(b) Can a fuse link of a 1-25 fusing factor have sufficient tim 
lags to permit the passing of temporary overloads such as moa 
starting ? 

(c) What are the regulations concerning the relationship betwall 
fuse-link and cable ratings? 


The advantage of low fusing factor—a requirement on thd 
North American continent—lies in the capacity to blow at the 
lowest current consistent with its rating. Where earth con/ 
tinuity of low resistance is difficult to obtain and maintain there, 
is risk that a phase-to-earth fault will not blow the fuse link 
The fuse link which operates on a 25% overload is much safei 
than a 75% (Class Q, B.S. 88) type. Again, a fault current 0! 
up to 25% will not overstress the cables, but a 75% overloadll 
will. This also applies to ageing installations, where insulatior|): 
resistance is falling. 

A dual-element fuse has time lags such that the rating of the j 
fuse link need not be much increased to accommodate the starting) 
currents, even of direct-started motors. Fuse links of simple) 
silver wire or strip design have little time lag, and generally have 
to have a rating of 2-3 times the full-load current of the motor © 
The degree of protection that is thus lost is further magnified by > 
their fusing factor, which is usually 1:75. Table A illustrates the| - 
degree of overwiring. ; 

Regulations on the relationship between fuse link and cable © 
ratings recognize a danger, but when specifying a fuse-link|! 


Table A \ 


MANUFACTURER’S RECOMMENDED RATING FOR DIRECT 
STARTING 


Fuse-link rating i 


Motor . 


440 volts 
3 phase 


full-load 


Silver-element fuse 
current 


Dual-element 
fuse i= 


Design A Design B | '¢ 


ay 


<a 
=> 


Rw ae. 
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Table B 


EFFECT OF FUSE TYPE ON RATING AND AREA OF PAPER-INSULATED CABLE 


Direct-started 50 h.p. motor drawing full-load current of 63 amp 


Dual-element fuse 


Silver-element fuse 


Fuse Cable 


Fuse 


L.E.E. cable Lloyd’s cable 


: Minimum Minimum 
Rating blowing Area Rating Rating blowing Area Rating Area Rating 
} current current 
amp amp in.2 amp amp amp in2 amp in2 amp 
80 100 0-0225 83 200 350 0:04 120 0:06 150 


‘rating make no reference to classification. The Institution’s 
Wiring Regulations (Rule 316) require that the rating of the fuse 
link shall not exceed that of the cable, except in a special case, 
‘where it may be double. Lloyd’s have the same rule (365) for 
‘marine work, the usual easement being 50%. How the dual- 
element principle reduces cable sizes is shown by Table B. 

The minimum fusing current of the respective fuses is quoted, 
together with the current rating of the cable, so that the degree of 
‘protection by the two types of fuse can be compared. 

Great interest is shown in the reliability or non-deteriorating 
tests. Mr. Lawrence is correct in pointing out that, while these 

cover continuous loads of up to 5% lower than the minimum 
’ blowing current and surges of six times the rating, we do not 
'go on to demonstrate the non-deteriorating capacity of these 
| fuses when they are operating on the h.b.c. zones. There is no 
‘theoretical reason why this should not be done, but why it 
'should be necessary is not clear. The fuse link of these large 
|currents is operating in a manner similar to all other h.b.c. fuse 
‘links; furthermore, the chances of a temporary surge above 10 


The current 
surges which occur every time the motor starts, and overload 
conditions, are surely of major interest and the real test of a 
non-deteriorating fuse link. These tests—in reply to Mr. 
Clarke—are applicable to fuse links either to Canadian or 


times the rating of the fuse link are very remote. 


British standards and are novel. No other design of fuse seems 
to have deterioration tests in excess of their full-load ratings 
published, nor were any offered during the discussions—a fact I 
regret. The experience of Mr. Hogg, as a large user, regarding 
non-deterioration during many years of service in this type of 
fuse is particularly significant, since this gives final confirmation. 

Mr. Harding’s requirements call for a rather special type of 
fuse which is outside the scope of the paper. 

Space does not allow more than an acknowledgment and 
appreciation of contributors not mentioned, particularly to 
Messrs. Thornton, Sayers, Howard and Macdonald. The points 
they raise are of great interest, but lead away from the specific 
subject, and lack of space does not permit my dealing with them 
individually. 
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SUMMARY 


Measurements of the properties of a number of the condenser parts 
of 132kV bushings which have been in service for 20-25 years have 
been made in the laboratory. Destructive examination of bushings 
with characteristics typical of clearly defined groups has been carried 
out. This has enabled particular power-factor/voltage and capacitance 
characteristics to be associated with definite defects, provided that 
either the original characteristics are known or a sufficiently large 
sample of bushings of the particular type has been tested to permit 
these properties to be inferred. 

The measurements have been extended to the field, the various 
difficulties encountered being discussed. It is shown that the properties 
of the other bushing components and fittings such as porcelain weather- 
shed, arc shield, oil and breaker parts affect the measured properties 
to the extent that minor defects cannot be diagnosed as they can be 
on tests carried out on the condensers alone in the laboratory. A 
technique which permits the detection of major defects by non- 
destructive tests on installed bushings is described. These methods 
have been applied to over 1600 132kY oil-circuit-breaker bushings, 
with the result that approximately 4% defective bushings have been 
removed from service and another 3% classified as being in doubtful 
condition. 


(1) INTRODUCTION 


Many 132kV condenser bushings have been in continuous 
operation on the British Grid system for 25 years or more. 
These bushings, whose main insulation is synthetic-resin bonded 
paper (s.r.b.p.), have, in general, given excellent service, but there 
have been occasional failures. Simce an insulation failure may 
cause injury to personnel and damage to equipment, apart from 
the inconvenience of loss of supply, it is essential that the insu- 
lating properties of these old bushings should be checked, to 
prevent breakdowns in service. 

As a result, an intensive investigation was undertaken, initially 
in the laboratory with the object of establishing reference test 
methods, and then in the field to supplement the normal routine 
measurements which are made regularly. 

Existing non-destructive methods of testing bushings consist 
of measurement of 


(a) Insulation resistance at a relatively low direct voltage.1 
(b) Power factor and capacitance at service frequency, measured 
by bridge or wattmeter.1,2,3,4 


Ae Voltage distribution on the outside of porcelain weather- 
sheds. 


(d) Leakage current at high direct voltages.5 

(e) Electrical discharge properties.® 

(f) Dielectric dispersion.® 
In most cases these measurements give information concerning 
one particular property or one aspect of deterioration only. For 
example, insulation resistance measurements will detect a common 
cause—ingress of moisture—but it has been found that, for 
detailed laboratory investigations, power-factor and capacitance 
measurements carried out over a voltage range are capable of 
yielding information which defines the bushing condition com- 
prehensively.”»7»8.9 For this reason, the power-factor/voltage 
test has been used as the main laboratory reference method, and 


Mr. Douglas and Mr. Stannett are at the Central Electrical Research Laboratories. 


this paper deals first with the interpretation of the results obtained it 


in the laboratory and their significance. 


Secondly, field testing is discussed, and the results are sume 
marized of tests on 1 600 132kV bulk-oil circuit-breaker bushings’ 


of the condenser type with oil filling, which have been in service 


{ 


for 20-25 years. . 5 
It is the object of the paper to present the results of this on 


and describe the mechanisms of deterioration observed in the) 


bushings, the principles established being applicable to a 


condenser bushings. 


j 


(2) LABORATORY TESTS 


| 
; | 
(2.1) Description of Bushings Examined t 


The bushings discussed in Section 2.2 are all of the same) 


overall dimensions but were manufactured by four different sub-) 
contractors, A, B, C and D, during 1929-31. A typical design 
is shown in Fig. 1, the capacitance being 224 pF and the capaci- 


Fig. 1.—The type of bushing examined in the laboratory. 


tance per section varying between 2000 and 5600 pF, and conse- 


7 
1 


quently supporting voltages between 8-7 and 3:OkV, the maxi- | 


mum radial stress varying between 17:2 and 9:3kV/cm. Since 
these bushings were made by four different firms and over a 
number of years, there are minor differences in the untapped 
bushing apart from the major difference between the simple and 
tapped-foil types. The minor differences are as follows: 


(a) The number of foils varies from 16 to 18. 


banding wire, but in some, it is buried and is connected to the |: 


banding wire by means of a solder plug. 

(c) Usually the foils are of metallized paper, the metal being tin. 

In other cases aluminium foil 0-001 in thick is used. 

In the tapped bushings the outer or tapped foil is buried and 
is connected to a narrow section of banding wire by means of a 
solder plug as in (6). The major part of the banding wire is 
thus split axially into two sections, one on each side of this 


| 
(5) In most bushings the outer foil lies immediately below the \ 
1 


/ 


narrow section. They are connected together and to earth by 


the flange fittings. 


(2.2) Characteristics obtained from Laboratory 
Power-Factor/ Voltage Measurements 


All bushings of the type and age mentioned and installed in 


substations near the laboratory were tested systematically. In~ 


this way, a random sample of 86 bushings from which the 
porcelain weathersheds and arc shields had been removed were 
examined. 
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DOUGLAS ‘AND STANNETT: TESTS 
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POWER FACTOR (TAN § ) 
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Fig. 2.—Typical power-factor/voltage curves. 


As shown in Fig. 2 the power-factor/voltage characteristics 
obtained on the bushings fall into five distinct groups: 


Group 1: Normal power-factor characteristic. 
Group 2: High-level power-factor characteristic. 
Group 3: Drooping power-factor characteristic. 
Group 4: Low ‘knee’ point. 

Group 5: Rising power-factor characteristic. 


Table 1 shows the number of bushings in each power-factor- 
characteristic group. 


Table 1 - 


RELATIVE NUMBER OF UNTAPPED BUSHINGS FALLING INTO EACH 
POWER-FACTOR CHARACTERISTIC GROUP* 


| Number of bushings in each Group 

; Maker Year 

1 D 3(a) 3(b) 4 5 

A 1931 24 0 3 4 1 4 
B 1930 6 0 1 1 3 6 
& 1929 12 3 2 0 3 1 

D 1929 3 0 8 0) 22 1 


(2.2.1) Normal Power-Factor Characteristic (Group 1). 

Of the bushings of manufacturer A, 24 out of 36 had flat 
characteristics typical of a new bushing. It can therefore be 
assumed that the properties of this group have not changed 
materially in service. In this way, the original power factor and 
c*pacitance of a bushing made by A in 1931 were found to be 
U 0065 and 202 pF, for B in 1930 they were 0:0065 and 199pF, 
2: d for C in 1929 they were 0:0073 and 224pF, respectively. 


* Two bushings had two types of defect, so that in this Table the total number of 
t. shings is considered to be 88. 
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Unfortunately most of the bushings tested which were made by 
D in 1929 altered during service, and it is not possible from the 
results to estimate the properties of a healthy specimen. 

Only 52% of the bushings tested in this whole batch have 
retained their original properties and fall in Group 1, the 
remainder having changed in some way. 


(2.2.2) High-Level Power-Factor Characteristic (Group 2). 


The number of bushings with the distinctive high-level power- 
factor characteristic is small (only 34% of the number tested). 
Nevertheless the group is an important one.* 

It is found that the high power factor is usually due to a low- 
insulation-resistance skin at the s.r.b.p. surface caused by water 
penetration. This was demonstrated on a typical bushing of 
this group by making connection to each foil and measuring 
the individual section properties. The equivalent power factor 
of this set of series capacitors was found to be 0-016, whereas 
the measured value for the bushing was 0-034. This difference 
was accounted for by the leakage in parallel with the capacitors— 
in this case, 5000 megohms as measured at 5kV d.c. Repeated 
tests over a period of time during which the bushing was stored 
in a warm room showed that the bushing dried out, its insulation 
resistance improving to 50000 megohms and its power factor 
to 0:009. As this happened, the power factor, estimated by 
summing the properties of individual sections, became equal to 
the measured overall value. 

A damp bushing if detected early enough shows no visible 
sign of deterioration, but if it is allowed to remain energized, 
tracking forms below the outer surface of the synthetic-resin 
bonded paper. Fig. 3 shows two views of the same part of the 
same bushing, one taken with normal photographic materials 
using intense illumination, the other with infra-red-sensitive 
plates. It is seen that the infra-red rays penetrate the synthetic- 
resin bonded paper sufficiently for the tracking to be visible. By 
skimming the surface of the bushing in a lathe it was found that 
the infra-red rays had penetrated to a depth of about 0-05in, 
although tracking was found at much greater depths—certainly 
greater than 0-1 in. 

The type of tracking described is different from that which 
occurs if the oil level in the upper porcelain weathershed is 
allowed to drop too low. Here, the tracking is on the surface 
and is caused largely by condensation of water drops on the 
exposed synthetic-resin bonded paper. 


(2.2.3) Drooping Power-Factor Characteristic (Group 3). 


Twenty-two per cent of the bushings of the whole sample fell 
into Group 3. This power-factor characteristic is caused by the 
presence in the bushing of a carbon path, the resistance of which 
depends on the current flowing through it. A carbon path has 
been found to exist in one of two places, either where an insulating 
section has punctured or where a poor contact exists at a buried 
earthed foil (or a tapped foil). In Table 1 the number of bushings 
of Group 3 which fall into Groups 3(a) and 3(6) are given. 


(2.2.3.1) Punctured Sections [Group 3(a)). 


The effect of punctured sections on the power-factor charac- 
teristic is illustrated in Fig. 4. It will be noted that the drooping 
characteristic is always more pronounced if measurements are 
made with the voltage increasing. Often, if measurements are 
made on reducing the voltage, following a pressure test, the 
drooping characteristic virtually disappears. This is pre- 

* In practice, the power factor often changes slightly with voltage but these 
departures from the straight line are found to be due to other minor defects in the 
bushings. When the minor defects are localized, e.g. confined to one insulating 
section, which can be short-circuited, the irregularities can be removed with little or 
no effect on the magnitude of the power factor. Thus, for present purposes, a 


straight line has been drawn for curve 2 of Fig. 2, as this is characteristic of the major 
defect. 
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(b) 
Fig. 3.—Tracking below the surface of a bushing. 


(a) Direct light. 
(6) Infra-red light. 


sumably due to a heating effect, because the power factor tends 
to change with time over the first few minutes after application 
of any voltage step. 

In the case mentioned it was found that four sections, numbers 
1, 3, 4 and 7 (counting from the conductor), were punctured. 
By short-circuiting these sections a flat power-factor curve was 
obtained. 

Measurements of the resistance of each puncture path were 
made over the appropriate current range, and the power factor 
of the equivalent circuit consisting of four carbon puncture 
paths in series with 12 healthy sections was estimated. The 
result is shown in Fig. 4. The impedance of a bushing with n 
sections, of equal capacitance C and zero power factor, one of 
which is short-circuited by a puncture path of resistance R, is 

R wCR? | 


given by 
J|a-—l 
LA (OCR)t i lwC” (ee (oCRy 


If R depends on the current flowing, the capacitance of the 
equivalent circuit also varies with current, but the effect is small, 
the change being about one part in 10000. As far as the overall 


a 
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POWER FACTOR (TAN §) 


TEST VOLTAGE.kV 


Fig. 4.—Bushing with punctured sections. 


© Whole bushing: increasing voltage (capacitance, 324 pF). 

+ Whole bushing: decreasing voltage. 

x Estimated for faulty bushing. 

@ Bushing with sections 1, 3, 4 and 7 short-circuited (capacitance, 325 pF). 


bushing properties are concerned, 
approximates to 


the above expression 


+ faa 


‘ wC 


from which the power factor, tan 6, becomes wCR/(n — 1). 


In the case of the above bushing, by short-circuiting three of : 


0:030 


0:025 


0-020 
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0-010 


POWER FACTOR OF 12 HEALTHY SECTIONS, 
PLUS 1 FAULTY SECTION 


0-005 


5 
10 
RESISTANCE OF PUNCTURE PATH, OHMS 


Fig. 5.—Dependence of bushing power factor on resistance of the 


breakdown path of one faulty section. 


(a) Basic power factor. 
(b) Calculated power factor. 
(c Measured power factor, 
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the four faulty sections leaving the fourth in series with 12 
healthy sections, the agreement between estimated and measured 
power factors could be checked over a considerable range of 
puncture-path resistance. Fig. 5 shows this agreement. 
Insulating sections usually puncture at the foil ends as shown 
in Fig. 6. Generally the puncture follows a slow erosion process 


Fig. 6.—Erosion and puncture at badly overlapped foil end. 


caused by discharge occurring in air spaces.!° Most punctures 
occur at points of high stress caused by badly placed foils. 
Until the eroded hole actually penetrates the insulating layer it 
usually contains no carbon (Fig. 7). 


Fig. 7.—Section through an eroded hole. 


The mechanism of breakdown in simple solids has been 
described by Howard!! and Mason.!? It would appear that an 
initial uniform erosion is followed by the concentration of dis- 
charges at one or more preferred sites, with the result that deep 
eroded pits form. The deeper the pits become, the greater the 
quantity of discharge per pulse, and hence the greater the rate 
of increase of depth of the pit concerned. When the pit becomes 
deep enough for the stress at its tip to reach the intrinsic strength 
“f the material, complete puncture occurs. 

The problem has been discussed earlier, with particular 
r-ference to condenser bushings, by Kappeler.!3 It is shown!) !4 
tat the voltage at which discharge commences at the edge of an 
“aburied foil on the surface of an insulating sheet in air is 


£ ven by 
ao 


y,=8-1(4) Bpsll: engi) 
€ 
Vor. 105, ParT A. 
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V; = Inception voltage, kV (r.m.s.). 
d = Thickness of the insulating layer, cm. 
€ = Dielectric constant of the insulating material. 


Kappeler considers that, in designing a bushing for use in power- 
supply systems, it should be assumed that there will be spaces 
at the ends of the foils, but that, even so, discharge should not 
occur at working voltage. Similar conclusions were reached by 
Silbermann!> although his argument is based on the longitudinal 
field at the foil ends, this being determined graphically. 

The ratio of working voltage to inception voltage derived from 
eqn. (1), for each insulating section of the types of bushing 
under discussion, varies from 2-6 to 1-2, and is greatest at the 
conductor and the banding wire and least in the middle of the 
bushing. Discharge and erosion would be expected to occur 
in these bushings at working voltage where air spaces at the 
foil ends exist. For the bushings under discussion, the radial 
thickness of each section was of the order of 3:5mm, although 
there was considerable variation between bushings, radial thick- 
nesses up to 5-Smm being recorded. The thicker sections were 
found to contain eroded pits up to 4:5mm deep in some cases. 
These depths are reasonably consistent with those predicted by 
Kappeler, the rate of erosion being about 0-:2mm per year. 
Reference to Mason’s work!? shows that such estimates of the 
rate of erosion should be treated with reserve because the rate 
increases as the pit deepens. 

Current practice in bushing design is to use many more foils 
than formerly, a modern bushing replacement for those of the 
type discussed having about 60 foils instead of 16. Apart from 
other considerations, the use of thinner insulating sections 
increases the discharge inception voltage where foil-end voids 
exist. Thus, in such modern bushings, foil-edge erosion should 
not occur unless foils are inserted askew. 

The commonest reason for the breakdown of a section is 
erosion, occurring mainly at the foil edge, but other types of 
breakdown have been found. In one bushing a carbon path 
was found between the innermost foil and the conductor. The 
path took the form of a long track passing through the butt 
joint of added insulation. In another case erosion had occurred 
at the periphery of an ‘island’ in the foil. Presumably cracks 
formed in the foil at some stage of manufacture isolating this 
small piece. The potential taken up by this piece would be 
different from that taken up by the main foil area, and would 
be determined by its relative spacing between the adjacent foils, 
whereas the potential of the main foil is also controlled by the 
foil lengths. 


(2.2.3.2) Faulty Foil Connection [Group 3(b)). 
Connections to the outer foil are made in only two cases: 


(a) When the earthy foil is buried. 
(6) When a test or metering tapping is brought out. 


The trouble occurs where the thin foil is cut by the edges of the 
narrow brass or copper reinforcing tape. The connection 
between the foil and tape is then of high resistance and usually 
consists of one, or a series of, carbon paths in parallel, as shown 
in Fig. 8. The equivalent circuit of such a bushing is similar 
to that considered in the previous Section, except that none of 
the insulating sections is short-circuited. The capacitance of the 
bushing is therefore largely unaffected or reduced. 

The case can be illustrated by considering the equivalent 
circuit of a tapped bushing, shown in Fig. 9. The characteristic 
measured between the conductor and banding wire is flat, 
whereas when tests are made to the tapped foil, whether con- 
nected to the banding wire or not, a drooping characteristic is 
obtained. 

11 
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Fig. 8.—Disintegration of foil at the edge of brass tape tap-point 
reinforcement. 


CONDUCTOR BANDING WIRE 


A1t}-4HHHH 


TAP POINT CONNECTION 


0-01 


POWER FACTOR 


TEST VOLTAGE, kV 


Fig. 9.—Effect of faulty connection to a foil. 


e@' Conductor to tap-point connection. 
© Conductor to banding wire. 


A different type of faulty foil connection occurs occasionally 
when the solder plug is not long enough to make proper con- 
nection to the banding wire and a gap is formed. This acts asa 
spark-gap which discharges at some critical voltage. The power- 
factor/voltage curve then has a very marked knee point. Such 
a defect causes intense radio and television interference and is 
usually detected in practice in that way. 

In neither case is damage to the insulation severe, and although 
the conditions are most undesirable, it does not appear that 
there is any reason to suppose that the bushing is likely to fail 
as a result of these defects. 


(2.2.4) Low ‘Knee’ Point (Group 4). 

The power-factor/voltage test has long been used as a means 
of detecting discharge in internal voids in insulation and com- 
ponents such as bushings and cables. It is usually considered 
that any voids which may be present which discharge at the 
working voltage or less are most undesirable. Bushings with 
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voids which discharge at very low voltages, 20kV or so, have |» 
been detected. Invariably the increase of power factor is _ 
accompanied by a small increase in capacitance. 

Dissection of bushings with very low knee points reveal that |” 
they contain spaces of large area—perhaps several square feet. ) 
These are usually located between the outer radius of a section |) 
and its bounding foil. The thickness of a space is of the order 
of 0:1-0-5mm. Often the foil edge is blackened and non- 
conducting, but where the space does not embrace a foil edge, 
this blackening is not observed. The void is invariably filled } 
with a light buff-coloured dust, and when splitting such a void a 
characteristic ‘mousy’ smell is noticed. The dust contains about 
60% tin as determined spectrographically. Although the sur- 
faces of both the tin foil and the synthetic-resin bonded paper }> 
had deteriorated slightly, no deep pits were found. 

The voltage at which the power factor rises agrees well with | 
the discharge inception voltage as measured with a discharge 
detector.© The actual inception voltages obtained are difficult 
to explain. A void of the dimensions mentioned above and 
remote from a foil edge would give rise to the following dis- 
charge inception voltage for any insulating section 


Vi= vA + +(E- 1) | 


V,, = Breakdown voltage of gas gap of length a, 
e€ = Dielectric constant of the insulating material. 
d = Section thickness. 
a = Void thickness. 


A bushing discharge inception voltage of 20kV implies a section ) 
discharge inception voltage of about 1kV. A void of the |) 
dimensions mentioned could not have this effect unless either + 
the dielectric constant of the insulating medium was locally very 
much greater than that of the bulk of the material or the break- | 
down strength of the void was much lower than that of air at 
s.t.p. The electrical properties of insulating material including {) 
dielectric constants are adversely affected by discharge in voids,!® | 
but it seems unlikely that this could account for the low inception | 
voltage. It is probable that dust particles are responsible for this |) 
low breakdown strength, in which case the inception voltage 
probably started at about 50-60kV when the space was filled 
solely with air and decreased through the years as the space § 
began to contain hydrocarbon gases, carbon monoxide, etc., 
and dust. 


Deterioration in these voids is undesirable, and where foil | 
edges are involved, some stress control is lost when they are 
attacked. However, in those bushings examined, there was little 
evidence to suggest that failure of even one section was likely 
as a result of these spaces. 
(2.2.5) Rising Power-Factor Characteristic (Group 5). | 
The difference between the characteristics of Groups 4 and 5 ! 
is often not very marked, especially if the knee point of a ) 
Group 4 bushing is very low. The power-factor curve, which » 
rises steadily with voltage, is found to be associated with oil 0 
penetration into the bushing and usually only a few insulating 
sections are involved. 
In one case, the power factor at both ends of the second. 
insulating section was higher than in the centre and increased — 
with voltage. This section was visibly saturated with oil which | 
had penetrated from both ends but had not reached the centre. © 
A somewhat similar case was reported by Brownlee and 
Wickham. !7 , 
Among others, Sticher and Piper!® have shown that oil in a 
discharging air space deteriorates rapidly, products with high © 
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power factor being formed. It is probable that this is the reason 
for the high power factor in the regions affected by oil ingress. 
At room temperatures the power factor of the oily material 
creases with voltage, but at higher temperatures the curve is 
numped. Curves of this shape occurring with impregnated paper 
insulation have been attributed to the migration of ions being 
restricted by cellulose barriers.!9 

As far as can be seen this defect does not impair the efficiency 
of the bushing electrically, as the local high losses are not high 
enough to cause thermal instability. Mechanically, however, 
such a bushing would be weaker, and there may be a risk of the 
bushing telescoping when subjected to axial forces. The bushing 
would also be less effective as an oil barrier. 


(2.3) Limitations and Practical Importance of the Observations 


One bushing which failed in service was found to contain 
sequences of self-healed punctures. This condition has been 
observed in other bushings that have been dissected. It would 
appear that, when an eroded path penetrates the section, there 
is a risk that sufficient energy is liberated to cause the foil to 
volatilize at the point of impact. If the foil is thin enough and 
of a low latent-heat material, no carbon path bridges the section 
concerned. If this happens a serious condition arises because 
the eroded hole can continue through the next section at an 
ever-increasing rate, possibly culminating in rapid complete 
oreakdown of the bushing. This defect is not revealed by the 
non-destructive tests at present normally in use, although it is 
possible that it would be shown by the discharge detector. 
[t would appear from observation and calculation that the 
process can take place if the foils are of tin and of the order of 
10-*4in thick. It could not occur with a thicker foil, and the 
10~3in-thick aluminium foils sometimes used would appear to 
be completely safe and would always terminate an eroded punc- 
ture path. 

In another type of defect foils have been found to be disinte- 
erated. This condition can be detected by radiographic 
examination (Fig. 10), but it does not appear to affect the power 


Fig. 10.—Radiograph showing disintegrated foils. 


factor and capacitance of the bushing. The metal appeared to 
aave melted and contracted to form lumps, and yellow powder 
such as is found in voids was present. The reason for the 
yecurrence of this condition is not known—possibly it is 
issociated with self-healed punctures. 

The destructive examination of bushings with typical charac- 
esistics has provided data which help to interpret the charac- 
eristics of bushings and to predict their condition by non- 
ie*tructive tests. It has been shown that water penetration can 
eed to direct failure in service. Also a bushing containing 
‘sactured sections is over-stressed and probably contains other 
eetions which are deteriorating. It is considered that bushings 
wih these defects are unsuitable for further service. The other 
le ects discussed—poor tap-point connections and the presence 
» voids or oil—are not likely to lead to rapid failure, and pro- 
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vided that regular testing is carried out to detect the next stage 
of deterioration (the puncture of a section), there is no reason 
why these bushings should not give years of further trouble-free 
service. 

Of the 86 bushings examined, 529% were unchanged by their 
years of service, 20°% were definitely faulty and the remaining 
28% contained defects but were fit for further service. 

The erosion process at the foil ends is extremely slow. There- 
fore bushings with only one or two sections punctured out of 
16 or 18 are not in imminent danger of failure. Bushings have 
been detected with six out of 18 sections punctured before being 
removed safely from service. Also one bushing with probably 
five sections punctured and another with a large void have been 
on extended life test at 110% of working voltage for 16000 
hours. No further deterioration has occurred, the changes 
taking place with time being completely accounted for by tem- 
perature changes. In fact, they have enabled the temperature 
coefficient of capacitance to be estimated, and this is found to 
be determined by the coefficient of linear expansion of the 
synthetic-resin bonded paper. 

Other tests have proved useful as laboratory tools. Radio- 
graphy enables misplaced foils, cracks and build-up insulation 
to be detected and located (see Figs. 10 and 11). The discharge 


Fig. 11.—Voids at foil ends. 


detector has confirmed that the power-factor/voltage curve 
shows the presence of discharging voids for all practical purposes. 
Infra-red photography has proved useful, but can only be used 
when tracking below the surface is suspected, as it is impracticable 
to apply it as a routine test. 


(3) SITE TESTS 


On site, conditions are much less favourable than in the 
laboratory, but it is impracticable to transport all bushings to 
the laboratory and it is necessary to extend the principles 
developed to the field. In most cases, measurements are made 
with the l.v. side of the test object permanently connected to 
earth, the bushing being completely assembled and mounted in 
the breaker tank. In addition, the tests must usually be carried 
out in the presence of extraneous electric and magnetic fields. 

Since the shape of the power-factor/voltage characteristic is 
an important criterion in judging the condition of a condenser 
bushing, it was felt that a portable Schering bridge, operating 
over a voltage range to give the significant portion of the power- 
factor/voltage curve of a 132kV bushing, would give the most 
useful information from site tests. Accordingly, a portable 
Schering bridge was constructed, 30kV being selected as the 
maximum test voltage at which the instrument would remain 
reasonably portable. It was decided that the bridge should be 
of the conventional type, adequately screened for earthed tests, 
in preference to an inverted Schering bridge which has yielded 
useful results in America.?° 
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(3.1) Description of 30kV Portable Schering Bridge 


The conventional Schering bridge is too well known to be 
described in detail, but a few features of the instrument are 
discussed. The present bridge has been designed primarily for 
measurements on earthed samples in the field, but it is adaptable 
for normal operation where the test sample is insulated from earth. 
The bridge is double-screened throughout, though if it is to be 
used solely for site measurements, the low-voltage bridge arms 
need to be surrounded by a single earthed screen only. For 
ease of transportation, the bridge has been built in three separate 
parts: 


(i) The power unit and standard 100pF mica condenser. 
(ii) The bridge unit. 
(iii) The detector. 


To enable the bridge to be balanced as rapidly and accurately 
as possible, an amplifier-detector unit has been developed in 
which the sensitivity control is entirely automatic. This is 
accomplished by using a combination of limiter circuits and 
negative-feedback amplitude control, together with a band-pass 
tuning system to eliminate the effects of harmonics in the supply 
voltage. In addition to the amplifier-detector section, the instru- 
ment contains an amplifier by which the inner screens of the 
bridge are driven at a voltage equal to the mean potential of the 
two bridge detector points. The function is similar to that per- 
formed by a conventional Wagner earth, with the considerable 
advantage that the process is automatically performed throughout 
the bridge-balancing procedure. 


(3.1.1) Sources of Error in the Bridge Measurements. 
(3.1.1.1) Stray Capacitance in the Bridge Circuit. 


The errors due to stray capacitance from the low-voltage 
bridge arms to the inner screens are negligible during site measure- 
ments, since great accuracy is not required. For high-precision 
laboratory measurements, the screen-drive circuit reduces these 
errors. During measurements on earthed bushings, the inner 
screen of the high-voltage cable is connected directly to the 
bottom point of the bridge; this results in the capacitance 
between inner and outer screens being connected across arm 3 
of the bridge (Fig. 12) and introduces an error into the power- 


Fig. 12.—Circuit diagram of Schering bridge (earthed test). 


factor measurement. Tests in the field, however, have shown 
that there is no necessity for the outer earthed screen on the 
high-voltage cable, and satisfactory results have been obtained 
with one screen connected to the bottom point of the bridge. 
The stray capacitance from this screen to earth is then too low 
to introduce any significant error. 
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(3.1.1.2) Stray Capacitance from the High-Voltage Side to Earth.| 


Although the test transformer is screened, there is inevitably | 
some stray capacitance from the high-voltage side to earth, ie 
constitutes a second condenser in parallel with the test sample. | 
If Co and tan 8 are the capacitance and power factor of these) 
strays, and C, and tan 6, are the values obtained from tests on 
an earthed sample, it can be shown?! that the true capacitat 
and power factor of the sample are given approximately by | 


Ci tan 54 = Co tan 5o 


C= 
C; — Co 


C; — Co, and tan 6 = 


Table 2 shows the close agreement between the results of 
corrected measurements on an earthed sample and on the sample) 
insulated from earth. 


Table 2 


RESULTS OF SCHERING-BRIDGE MEASUREMENTS ON A BUSHING 
EARTHED AND INSULATED FROM EARTH 


Bushing earthed Bushing insulated from earth 


| 
i | 
| 
| 


voltage 
Tan 8 Capacitance Tan 6 Capacitance 


pF 
231, 


0-0079 
0-0078 
0-0079 
0:0104 


The stray capacitance from the bushing to earth is included in 
the first measurement but excluded from the second, and accounts 
for the higher capacitance during the first test. The power 
factor of this stray capacitance is small and the effect is to 
‘dilute’ the measured power factor of the bushing during the’ 
earthed test. | 


(3.1.1.3) Capacitive Coupling with High-Voltage Conductors. 


It has been stated previously! that the effects of inducedé 
voltages in the test bushing, due to capacitive coupling with 
neighbouring high-voltage conductors, can be eliminated by) 
reversing the supply to the bridge network and taking the} 
mean of the two sets of bridge readings. Table 3 illustrates, 
the effects of electric and magnetic fields on the bridge readings) 
This method of eliminating ‘pick-up’ on site has proved to be. 
satisfactory, except in a few cases where the interference was 
very severe and the difference between the two power-facto: 
readings at low test voltages was so great that the lower powe 
factor appeared to be negative. Under these conditions it wat 
impossible to balance the bridge, and it was necessary to use th 
capacitor C; to increase both bridge readings. In extreme ses 
the existing ten x 0-001 uF decade capacitor is inadequate anc 
a larger capacitance is needed. 

Recently, details have been given? of a phase-shifting device 
included in the primary of the test transformer, which, it is 
claimed, successfully eliminates the effects of electric and mag: 
netic fields. This appears to be an unnecessary refinement, sin 
the simple reversal of supply accomplishes the desired resul 
without any additional equipment. 


| 
(3.2) Site Test Procedure 

(3.2.1) Insulation-Resistance Measurements. 
The insulation resistance of each oil-circuit-breaker bushing 
| 


was measured at SkV d.c. using an electronic test set, and the 
insulation resistances of the lift rods were checked by ting 
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Table 3 


EFFECTS OF ELECTRIC AND MAGNETIC FIELDS ON SCHERING-BRIDGE READINGS 


Test voltage 


pa et eet 
NW 


a 
NNNN] NW 
10 \O ‘0 \O 
~100 ~1 00 


each phase to earth with the breaker closed. All insulation 
resistances are corrected? to 20°C. 

The results of field measurements of insulation resistance have 
confirmed that a relative humidity of 70% is the limit for testing 
~vithout guard wires if the porcelain is clean, but very low surface 
ieakage resistances have been recorded where the porcelain 
weathersheds were polluted and when the humidity was less 
than 60%. Therefore, it is the practice to use guards whenever 
low insulation resistances are encountered, irrespective of the 
humidity. 

It is important to note that if surface leakage is excessive, 
faulty readings of insulation resistance may be obtained even 
when guards are used, the error depending on the internal 
resistance of the test set. Therefore, if after cleaning the 
porcelain weathershed the surface leakage resistance is less than 
1000 megohms (for the particular test set being used), it is 
recommended that testing should be postponed until the surface 


has dried. 


(3.2.2) Schering-Bridge Measurements. 

After disconnecting the bushings from the busbars and cleaning 
the porcelain weathersheds, bridge measurements were made at 
5,10, 20 and 30kV. To observe any power factors which change 
with voltage, it is essential to measure the power factor at 
increasing voltage steps, as discussed in Section 2.2.3.1. Bridge 
measurements were not made with the breaker closed, since lift 
rods are best checked by means of insulation-resistance tests. 

The stray losses from the high voltage to earth were measured 
by balancing the bridge with the high-voltage cable disconnected 
from the bushings. It has been found that these stray losses 
vary appreciably with temperature, and it is necessary to check 
frequently the capacitance and power factor of the stray losses 
during bridge measurements. 

In most 132kV oil circuit-breakers the two bushings of the 
centre phase have tap connections to the first buried foil, and 
these tappings are an alternative means of checking the bushing 
insulation. Unfortunately, they are often of high resistance, 
resulting in drooping power-factor/voltage curves. 

The use of guard rings during Schering-bridge tests to eli- 
rénate surface leakage effects on bushings is unsatisfactory. 
ls practice, testing has been discontinued whenever the surface 
eikage resistance has fallen below 5000 megohms—usually 
wien the humidity exceeds 75%. 

No temperature corrections are made to power factors or 
“9acitances since they do not vary significantly over the 
 aperature ranges encountered in practice. 


Test conditions 


| No interference. 


20kV on a conductor 4ft 
from bushing. 


3 ft from bushing. 


| Conductors carrying 300 amp 


(3.3) Results of Site Measurements 


Over 1600 132kV oil-circuit-breaker condenser bushings have 
been tested in situ by means of the 30kV portable Schering 
bridge, the majority of these being of the condenser type with 
oil filling. The insulation resistances of most of the bushings 
were also measured. 

Sixty-three of the bushings have been or are being removed 
from service; of these, 61 had high power factors which 
drooped with voltage and high capacitances, whilst the remaining 
two bushings were damp and were detected by their high-level 
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Fig. 13.—Power factor distribution of bushings tested in situ. 
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Fig. 14.—Capacitance distribution of bushings tested in situ. 
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power factors and low insulation resistances. Another 43 are 
classified as being in doubtful condition and will be retested 
every two or three years to obtain information about the rate 
of insulation deterioration. The limits for classification of these 
deteriorated bushings are discussed in the following Sections. 

The number of bushings tested is too large to be given in detail, 
but Figs. 13 and 14 show typical power-factor and capacitance 
distributions of a number of oil-circuit-breaker condenser 
bushings. 

To check the results of site measurements, all faulty bushings 
are returned to the laboratory, and laboratory Schering-bridge 
measurements have confirmed the diagnoses made in situ. 


(3.4) Discussion of Results of Site Tests 
(3.4.1) Insulation-Resistance Measurements, 

Since moisture present in condenser bushings is more or less 
uniformly distributed over a thin surface layer of the dielectric, 
it can be detected by insulation-resistance measurements. During 
site tests on over 1 600 bushings, only two damp condensers were 
found. But bushings fitted with s.r.b.p. shrouds at their oil ends 
in place of the normal porcelain are shields are particularly 
susceptible to ingress of moisture from the oil in the breaker 
tank, and many bushings fitted with these shrouds have low 
insulation resistances. Insulation resistance is more sensitive 
than power factor for detecting moisture in insulation as illus- 
trated by a damp bushing where moisture increased the power 
factor by less than a factor of two, whereas insulation resistance 
was lowered by a factor of 30. 

The presence of the breaker oil, lift rods, explosion pots, arc 
shields, etc., all of which affect power factor and are discussed 
in Section 3.4.2, has no effect on insulation resistance provided 
that the insulation of these components is in good condition. 
Thus, for the correct interpretation of site measurements, a 
knowledge of insulation resistance is essential, in addition to 
power factor and capacitance. 

To obtain the maximum information from insulation-resistance 
measurements, the test results, corrected to 20°C, should be 
recorded annually and the trend of the insulation resistance of 
each insulating component noted. For example, if six bushings 
in a circuit-breaker are tested and one is found to have a dis- 
tinctly lower insulation resistance compared with the other five, 
it would be suspect, irrespective of the actual insulation resistance 
disclosed by the test. Further investigation would naturally be 
made in order to determine the exact cause of the low insulation 
resistance of the one bushing. 

In the absence of comparative data, the following limits may 
be applied to 132kV oil-circuit-breaker condenser bushings. 
Under ideal conditions, the insulation resistance of individual 
insulating components should exceed 20000 megohms, but under 
normal site conditions, test figures of 5000-10000 megohms are 
obtained on insulators in good order with respect to moisture. 
A figure of less than 1000 megohms at 20°C indicates a faulty 
bushing and further investigation is required. Resistances 
between 1000 and 5000 megohms indicate that the insulation is 
in doubtful condition. 


(3.4.2) Power-Factor Measurements. 


Fig. 13 shows the distribution of installed bushing power 
factors, the average value being 0-020 compared with 0-007 in 
the laboratory. Investigations have shown that the presence of 
breaker oil, explosion pots or de-ion grids, lift rods and arc 
shields all contribute to the higher power factors of installed 
bushings. For instance, lowering the level of the oil in the 
circuit-breaker tank may reduce the bushing power factor by 
30%. The change in power factor may be partly accounted for 
by the difference in permittivity between oil and air, but other 
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factors contribute to the higher values of tan 6. In many cases ti 
removal of explosion pots reduced the power factors appreciably ;” i 
this may be explained by considering the explosion pot as a low) 
capacitance of high power factor in series with stray capacitance i 


of low power factor to the tank. 


When tests are made on the condenser parts only in the circuit- ; 
i 
factors are comparable with results of laboratory measurements. |; 
\ 


breaker tank, or when using a tapping connection, the power’ 


Thus it is possible for bushings to be in sound condition in spite 
of site power factors being abnormally high. 


For these reasons it is not possible to define a power-factor)} 
rejection limit. If a limit were fixed at, say, 0-03, several faulty |) 
bushings would be left in service whilst an appreciable number |i) 


of sound ones would be removed unnecessarily. Change of) 
power factor with voltage is an indication of punctured sections, ’ 


( 


and, therefore, if power factor varies by more than 0- 005 
between 5 and 30kV the bushing is removed from service. If 


power factor varies with voltage but is less than 0-005 between 
5 and 30kV, the bushing is classified as being in doubtful con- 
dition and should be rechecked every two or three years. 


The power factor or change of power factor with voltage is ‘ 


not related to the amount of insulation deterioration. 


(3.4.3) Capacitance Measurements. 


| 


: 
| 
; 
- 
| 


Site capacitances of oil-circuit-breaker bushings are approxi- r 
mately 40° higher than the values obtained from laboratory» 
measurements, although this figure naturally varies with the eee 


of switchgear, bushings and manufacturers. 


Stray capacitance! 


from bushing to breaker tank, which is increased by the presence + 


of the breaker oil, is the main cause of the increase in capacitance, 


but the measured values are also affected to a lesser extent by! 


operating rods, explosion pots or de-ion grids and porcelains. 
Fig. 14 illustrates the large range of capacitance of a number 


of bushings installed in the same type of switchgear. The coeffi-) 


cient of variation of capacitance is approximately 5°%. There is 
evidence that the spread of capacitance of bushings manu- 


factured at later dates is appreciably less, and it may be possible?) 


in future to detect faulty bushings by statistical analysis of the 
test results. 

In the meantime, it is not possible to fix definite rejection 
limits and it is necessary to look for increase in capacitance with 


that a bushing should be removed from service. Also, if the 
capacitance of a bushing in an oil circuit-breaker is greater than 
10% above the average for that particular switch, it is regarded 
as being in doubtful condition. 


age. Any increase of 10% or more is regarded as an indication 


(3.5) Recommended Test Procedure 


The object of site measurements on condenser bushings is to 
determine whether the insulation is safe to be left in service! 


until the next routine check. Failure can occur by erosion 


through the insulation or by tracking over the surface of the 
Breakdown between foils gives rise to an 


s.r.b.p. condenser. 
increase in capacitance, unless the bushings are of the type with’ 
very thin foils, discussed in Section 2.3. Partial tracking is 
extremely difficult to detect on site except by visual examination, 
but it can be prevented by keeping the s.r.b.p. insulation com- 


pletely covered with clean dry oil; low oil levels can be seen by. 
inspection, and moisture in the oil detected by low insulation 


resistance. Thus the majority of bushings, the insulation of 


which has deteriorated appreciably by ingress of moisture or 


2 
7 
ff 


i 


y 
: 
D 
¢ 
A 


erosion, can be detected by regular measurement of insulation 
resistance and capacitance. 


Site measurement of capacitance is a comparative test, but as 


i 


4 


the majority of old 132kV condenser bushings in this country © 
have been checked by Schering-bridge tests and their capacitances ' 
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are known, future measurement of capacitance will reveal any 
further deterioration. The capacitances of new condenser 
bushings supplied by the manufacturers are of little value for 
comparison with the results of site measurements, and it will 
be necessary to measure the capacitance of each new bushing 
after installation in its breaker. Although regular capacitance 
measurements should be unnecessary for the first few years of 
the life of a bushing, insulation resistance should be recorded 
annually. 

A combined insulation resistance-capacitance test set using 
an electronic null detector has been constructed. The capacitance 
bridge operates at 5kV, and limited experience in the field has 
shown close agreement with capacitance as measured by the 
Schering bridge. No provision has been made in the bridge 
for the measurement of power factor, as it operates at one 
voltage only, and previous results have shown that power-factor 
measurement at a single voltage is not a reliable indication of 
insulation deterioration. 


(4) CONCLUSIONS 


A comprehensive programme of test of a large number of 
old condenser bushings has shown that the insulation may 
deteriorate in service in the following ways: 


(a) Ingress of water. 

(6) Erosion at foil edges resulting in puncture of sections. 
(c) Deterioration of connections to buried foils. 

(d) Formation of voids or cracks. 

(e) Penetration of oil. 

These conditions can be diagnosed in the laboratory by 
power-factor/voltage tests. 

Water penetration or erosion is considered to be sufficient 
to warrant removing a bushing from service; the other three 
defects will not lead directly to breakdown. 

Most old 132kV bulk oil-breaker condenser bushings in the 
country have been tested in situ by means of a portable 30kV 
Schering bridge. With site measurements, the shape of the 
power-factor/voltage curve is much more important than the 
absolute values of power factor, and as the greatest change of 
power factor with voltage occurs at the lower test voltages, the 
maximum test voltage of 30kV is adequate. If tests are carried 
out at one voltage only, a low test voltage is advantageous, 
power-factor tests at working voltage being of little value: 
4% of the bushings tested on site were found to be faulty and 

3% in doubtful condition. 

It is concluded that annual insulation-resistance measurements 
and inspection of bushing oil levels will detect the conditions 
which lead to surface tracking, whilst annual site measurements 
of capacitance will detect punctured sections of condenser 
bushings. 
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DISCUSSION BEFORE THE SUPPLY SECTION, 29TH JANUARY, 1958 
and since they possess a finite thickness they can cause loss of | 


Mr. F. C. Walmsley: From the assessment provided, two 
principal factors emerge, namely moisture and erosion due to 
discharges. Hence from Table 1, Groups 2 and 5 cover (i) 
and Groups 3 and 4 cover (ii). 

Group 2 bushings have been affected by the ingress of moisture 
due to constructional methods which obviously could and have 
been improved. I feel that the higher power factors of Group 5 
bushings have been caused by the replacement of air with oil 
having a higher loss and possibly migrated moisture from the 
circuit-breaker oil. 

The effects of internal discharges were not appreciated by 
bushing designers 30 years ago, since the use of s.r.b.p. was 
relatively new for 132kV bushings, and the approach then was 
largely coloured by thermal stability and electric strength 
requirements. Moreover, the Schering bridge was a new 
dielectric-loss-measuring technique. Subsequently the ‘hissing’ 
test closely followed by power-factor/voltage measurements 
became the recognized means of ascertaining discharges in 
bushings. Now discharge bridge measurements represent 
modern detection methods, which, with proper interpretation are 
acceptable for safeguarding quality. As shown in Fig. A, the 
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Fig. A.—33 kV bushing test results by different methods. 


choice of the frequency band examined is not critical, and the 
requirements can be met by suitably calibrated devices. 

Egn. (1) indicates a fundamental relationship, but the values 
of the constant and permittivity depend on the material employed 
by the manufacturer. Where the onset of erosion occurs and 
its rate of penetration still require study, the foil edge cannot 
readily be prepared free from minute raggedness, and unless 
adequately sealed, some small promontory may possibly dis- 
charge. It does not necessarily follow that misplaced foils will 
lead to breakdown at the corner, and evidence found supports 
this view. 

I have in progress accelerated life tests at 10kc/s to examine 
the erosion factor, and in cases where, with some samples, the 
erosion slowed up and finally ceased, without breakdown, an 
explanation is being sought. 

The improvement in performance, provided by additional 
foils, is well known to manufacturers, and techniques have been 
devised to provide, in effect, a greater subdivision than that 
mentioned, Additional foils are not always a complete solution, 


bonding pressure in the rolling process with the possibility of ) 


void formation. ; 
In Section 2.2.4 the authors give some information and their 
views on bushings having a low ‘knee’ point. 


tion, in the more likely event of the void possessing much smaller 


radial dimensions than those quoted. Modern bushings have }: 


considerably improved foil adhesion, but practice, as yet, has 
not eliminated the possibility of the presence of discontinuous - 
fine circumferential cracks in the insulation. 


The authors have provided helpful information in Section 3, | 


and their views on criteria for judging the condition of bushings 
in the field are most welcome. They have justified the employ- 


ment of the power-factor/voltage technique, but although now © 


there is less tendency to spread in capacitance, it should be 
recognized that each manufacturer’s product will have its 
characteristic spread and generalization would be unwise. 

The fact that so few bushings have been troublesome augurs 
well for the future, since the product for some years past has 
been subjected to more exhaustive acceptance tests, and the | 


supply undertakings should be assured of reliable behaviour for © 


the expected life of the associated equipment. 


Dr. J. S. Forrest: The work described in the paper is part of ) 


a programme of research which we have been carrying on for 
many years at Central Electricity Research Laboratories, and 


the paper may be looked upon as a sequel to one read 16 years |» 


ago. The main conclusions established in that earlier paper © 
still stand, but the authors have made two notable advances. 

In the first place, they have elucidated completely the cause 
of the drooping power-factor characteristic. 
this phenomenon, insulation experts with whom we discussed 


the matter said that they had never encountered it, and, more- | 


over, that they did not believe it. 


to this aspect of the work, which involved quite a brilliant piece }: 
of research and not merely laboratory and field tests on bushings. 2 
Secondly, the authors and their colleagues in the Divisions 


have tested 1600 132kV bushings and have found some 60 
faulty ones. This is a major contribution to continuity of 
supply. 
including the incidental costs resulting from circuit outage, 
which may be very high. But éven if we take the modest figure 


of £1000 per fault, it is clear that the authors have paid for the fl 


cost of the research many times over. 

Finally, I should like to comment on the amount of field 
testing one should do. As in many engineering problems, a 
practical working compromise must be found. At one extreme, 


there is no need to do any tests; faulty insulators will then blow © 
up and locate themselves very effectively. If too many insulators © 
of one type blow up, the whole lot have to be replaced by more Hi 
At the other extreme, we could | 


from another manufacturer. 
continuously monitor the condition of every insulator in the 


system and give an alarm if the power factor or insulation » 
t Technically, this is quite | 
possible, but apart from very special installations, the cost, and | 


resistance deviated from normal. 


above all the maintenance of the test equipment, would greatly 


outweigh the advantages. Between these two extremes there is a } 


whole range of possibilities, from an occasional insulation- 


Granted that a | 
foil or foils are showing poor adhesion, the ‘knee’ value men- } 
tioned is extremely low, but it is difficult to accept their explana- | 


When we first met #5 


I do not know the average cost of a 132kV fault, | 


} 


resistance test at 500 volts to a routine power-factor/voltage test k 


at 100kV or more. As a result of our experience for more than 


I= 


ay 
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20 years, we have reached the conclusion that, taking into 
account costs, convenience and the availability of technical 
staff, the best practical working compromise is to make two 
simple tests—an insulation-resistance test at 5kV d.c. (there is 
no need to go any higher) and a capacitance measurement at a 
few kilovolts a.c. 

If these two simple tests are carried out annually, it is possible 
to detect more than 90% of insulator faults before complete 
breakdown occurs in service. 

Mr. P. G. Ashley: The results which the authors have obtained 
in the laboratory on a group of about 90 bushings are similar 
to those I have encountered on about 200 bushings returned to 
the works for reconstruction. These are 132kV condenser 
bushings with plastic compound filling and have been in service 
for up to 27 years. A few of these have an unsatisfactory charac- 
teristic as shown in Fig. B, where curves D1 and E1 refer to 
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fig, B.—Power factor of bushing assembly (D1 and El) and bushing 
core only (D2 and E2) for bushings 25 years old. 


bushings as received from site, and D2 and E2 are for the bushing 
2ores immersed in oil at normal temperature after dismantling. 
The dismantling does not have much effect on the bushing core, 
since the temperature for removing the compound is only TOE 
*or 24 hours. The curves show that the bushing cores are satis- 
"actory, although the assemblies are not. 

Where high power factors have been found, attempts have 
seen made to dry out the insulation by oven treatment at 100°C 
‘or 72 hours after varnish removal. Fig. C shows that, whereas a 
gical bushing has improved from curve Al to curve A2, two 
yners have deteriorated from B1 and Cl to B2 and C2. In the 
it case I believe that surface moisture has been removed; in 
the others the moisture may have been more deep-seated, or 
» chaps there has been a chemical change. 

ig. D summarizes the power factors at 100kV for the 200 or 
‘© bushings examined, plotted against age; and there is a general 
road of increase of power factor with age. We have not been 
./ e to account for the difference in behaviour of the location 1 
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Fig. C.—Some effects of drying out the bushing cores at 100° C for 
72 hours after varnish removal. 


Al, B1 and C1: Before drying. 
A2, B2 and C2: After drying. 
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Fig. D.—Power-factor/age characteristics at 100kV for 200 bushings. 


x Bushings installed in location 1. 
@ Bushings installed in location 2. 
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Fig. E.—Power-factor distribution at 100kV of 200 bushing cores 
tested at the manufacturers. 


Those with values above 0-030 were rejected. 
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bushings compared with those from location 2. Attention is 
drawn to bushings made in 1941, when manufacturing conditions 
and personnel were adversely affected by war conditions. I 
think it is likely that these bushings had higher power factors 
than those made before and after 1941, although records are 
not now available to establish this. 

Fig. E shows my findings as compared with those in Fig. 13. 
Of the 200 bushings examined 27 have been rejected; seven for 
intrinsic high power factor (above 0-03); six for unsatisfactory 
power-factor/voltage curve [these fell in the authors’ category 
(3)], and 14 for internal discharge characteristics which were 
above the general level. 

Mr. W. J. Brown: It is important to note that a very con- 
siderable proportion of the old bushings which the authors 
tested have suffered no deterioration whatever after 25 years’ 
service; and those which have deteriorated are found to contain 
defects which, with the exception of the absorption of moisture, 
may fairly be regarded as the consequence of faults present in 
the bushings at the time of manufacture. The logical inference 
is that if initially bushings are supplied free from flaws, deteriora- 
tion will not take place under the conditions of service and stress 
in which these samples operated. 

These old bushings were installed after proving tests which 
we now know to have been inadequate, and it is not surprising 
that some contained undetected flaws. It is some satisfaction to 
learn that at the conclusion of site tests on all the old 132kV 
bulk-oil circuit-breaker condenser bushings, those found faulty 
represented but 4% of the whole. The proportion might well 
have been greater. 

The institution of the power-factor/voltage test in 1935 made 
it possible to discover all the internal defects which lead to 
deterioration in service. This marked an epoch. Before 1935 
bushing manufacture was an art; after then it became a science. 
The immediate result of the knowledge gained by using the 
test was a radical change in the design, the raw materials and the 
manufacturing process; moreover, for the first time, it became 
possible to eliminate by rejection bushings which suffered from 
internal defects. 

Now that the power-factor/voltage test is established as a 
routine, and the interpretation of the test results is well under- 
stood, it is unlikely that the faults discovered by the authors in 
the old bushings will be repeated. Failure in service of modern 
bushings is therefore likely to be the result only of the absorption 
of moisture, or the destructive effect of surge over-voltages. 

Mr. D. M. Cherry: The main value of the paper is its con- 
tribution to the assessment of the life of old insulation. We have 
come reluctantly to realize that plant has to be kept in use until 
it is judged unsafe to continue with it. This judgment is par- 
ticularly difficult with insulation. The authors’ work has, no 
doubt, prevented some busbar faults and also unnecessary 
replacements through lack of adequate knowledge. It must be 
remembered that most bushings are so placed that their failure 
entails a busbar fault. 

There is still in service much 33kV metalclad switchgear with 
compound-filled busbars and bushings exposed to air, and so 
far there is no satisfactory method of determining the soundness 
of bushings in such gear. This suggests that the decision Of the 
supply undertakings some years ago to dispense with test 
tappings on this class of gear may not appear a wise decision 
to our successors. 

In Section 2.2 there is a disparity of outlook in dealing with 
discharge at foil ends. A prime cause of failure of a layer is 
stated to be erosion arising from discharge, but, later, a similar 
discharge is judged to be harmless. When a bushing which 
has not yet broken down is checked by a power-factor test, 
how can one distinguish between a discharge that is eroding 


locally and a general discharge, i.e. between lethal and non- id 
lethal discharges? It may be that for all new bushings of | 
importance a routine X-ray test would be valuable to show), 
whether there is any serious misplacement of foils which reso) 
cause an erosive discharge not detectable by power-factor testing. 

The authors make no mention of bushings incorporating f 
graphite foil in place of metal foils. Have they conducted any > 
investigation on such bushings? Further, no mention is made) 
of the effect of compound filling, which is liable to mask they 
characteristics of a bushing itself under power-factor tests. | 

Much ingenuity has been put into the design and testing of » 
s.r.b.p. bushings, but why are they still used? In service, the » 
oil-filled barrier bushing has a much better record than s.r.b.p. d. 
bushings and also the dielectric can be changed or checked. te 
Furthermore, oil-impregnated paper bushings, which have been i} 
less used, have an excellent record. 

Mr. W. G. Todd: The statement in Section 4 that ‘annual a 
measurements of capacitance will detect punctured sections’ 
requires qualification. The authors, in fact, gave that qualifica- ) pil 
tion at the meeting by stating that these tests will detect punc- 
tures in all but those rare cases where they are of the self-healing 
type. I think the site engineer who might be required to use this > 
testing technique would like to know just how rare this con-. 
dition is. Since it appears that self-healing punctures were 
found in one bushing which was dissected, and that others also’ » 
were found to be similarly affected, this condition may not a 


so rare as we would like. As such punctures can only occur in 
bushings which contain the very thin foils, it is necessary that)’ 
the site engineer should know the thickness of the foils in the!) 
bushings under test. Is this information available for the earlier!) 
bushings? In the case of bushings with very thin foils, how are\s 
test results to be interpreted ? A 
Dr. J. H. Mason: Can the authors confirm that the rate of 
failure of condenser bushings in service has been reduced since i” 
the introduction of annual insulation resistance and capacitance 
measurements ? if 
The authors’ statement that the ‘knee’ of the loss-angle/voltage |» 
curve is a good indication of the onset of discharges should be F 
qualified. The loss due to a few discharges of about 20pC})! 
per half-cycle is equivalent to a loss angle of about 10+ in ai 
100pF capacitor.* In condenser bushings consisting of 20) 
capacitors in series the equivalent change of loss angle will be} | 
still smaller. Thus increased loss due to discharges will bel 
apparent only when the frequency of small discharges per half-/> 
cycle is quite high, or if large discharges are occurring. 
Tests on 69kV solid compound bushings have shownt th 
{ 


while the ‘knee’ of the loss-angle/voltage curve may indicate the!) 
inception of severe discharges [cf. Fig. F, curves 3(a) and 3(b)],\) 
it may be due to ionic contamination, and occur below the» 
discharge inception voltage [Fig. F, curves 1(a) and 1(b)], or he 
may be no sharp rise in loss angle although considerable dis- > 
charges are occurring, as in Fig. F, curves 2(a) and 2(b). In 
condenser bushings it would be possible for some sections to be! 
short-circuited while others were still discharging, so that the!) 
resultant loss-angle/voltage curve would be almost flat. The! 
bushing might then be passed for further service although liable’ « 
to continued rapid deterioration. 
I recommend the authors to use an oscillograph detector with 
their h.v. Schering bridge, so that the magnitude of individual | 
discharges can be determined, and the origin of the discharges + 
distinguished. Gelez{ uses a galvanometer detector to deter- 
mine the total losses and an oscillograph to distinguish the 
components of losses due to conduction and discharges. 


¢ WEUKEEAD, aie picleoge Break gons OF Solids’ Cacep ion Press, 1951), { 
» H. H., JoHNson, D. L., and ScHE seks 
American I.E.E., 1955, 74, Part I, p. 387. eg Weim “r 
{ Geez, J. Pp: Bulletin de la Société Francaise des Electriciens, 1957, 7, p. 238. Be 
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Fig. F.—Discharge and loss-angle/voltage characteristics of 69kV 
solid-core bushings, taken from Brustle ef al. 
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Have the authors made impulse tests on bushings with falling 
joss characteristics? If several sections were short-circuited by 
erosion and channel propagation there would be a high proba- 
bility of breakdown when switching or lightning surges occurred, 
but if the channels were short-circuited by carbonization no 
further discharges or deterioration would occur at the service 
voltage. 

Recent tests on simple tubular s.r.b.p. bushings showed that, 
after 1900 hours at 6:3kV (r.m.s.) 50c/s, discharges between 
the inner conductor and the surface of the bushing were short- 
circuited by a semi-conducting layer of deliquescent copper 
nitrate which was deposited during the test, due to nitric acid 
formed from nitric oxide generated by the discharge and water 
vapour in the air. With bushings embedded in bitumen, the 
absence of water vapour prevents the formation of nitric acid 
and the discharges continue throughout the test, gradually 
eroding the insulation, so that the discharge inception voltage 
falls. In service such embedded bushings have failed after three, 
to four years at 6:3kV (r.m.s.) 50c/s. 

Mr. F. W. Taylor: That only 4% of the bushings tested were 
found to be faulty and 3° doubtful is a very good record, but it 
indicates a mean life much longer than 25 years. We cannot 
take full advantage of this knowledge or of the improvements 
in design and processing over this period, because of the stan- 
dardization of bushings. 

Since there are a large number of oil-impregnated paper con- 
denser bushings which have been operating on the Grid system 
for periods of up to 30 years, I have examined the records of 
thirty 132kV bushings which have been in service for 20-25 years 
and have been returned to the manufacturer for examination 
and/or overhaul. Of these, 18 had up to 20% lower dielectric 
losses than when originally dispatched and six were practically 
unchanged, all having normal characteristics. One had increased 
losses but was still satisfactory for service when judged by 
modern standards; one was doubtful but was made satisfactory 
by re-vacuuming, and four others were doubtful but would not 
respond to treatment. Therefore, 25 bushings or 83% would 
fil in Group 1 of the paper. 

Incidentally, all these bushings were of the unsealed type and 
se there would be some interchange of oil from the normal 
expansion and contraction due to temperature changes. These 
rsults, therefore, speak very well for the quality of the oil in 
tie transformers, which were fitted with conservator tanks and 
% 10se insulation was also plain paper vacuum-impregnated in 
t ansformer oil. 
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Although some mention is made of discharges at the foil edges, 
there is no distinction made between the air and the oil ends of 
the bushing. I should have thought that the difference between 
the two ends would have been noticeable. Perhaps the authors 
would comment on this. 

Mr. N. Parkman: It is stated in Section 2.2.4 that, in excep- 
tional cases, discharges commence in their bushings at 20kV 
(r.m.s.). If we take the authors’ figures of 16 sections per 
bushing, there is a voltage of 1-25kV across each. However, 
this calculation is made on the basis of simple condenser bushing 
theory—that each section has the same capacitance. In fact, 
the following calculation shows that the capacitance of the 
faulty section can be only half its original value. For simplicity, 
the calculation is given for the parallel-plate capacitance case. 
Fig. G(i) shows a section in which we have a parallel-plate 
capacitance of 


A 
4irdle (A) 
where the symbols have their usual significance. Fig. G(ii) 
shows the defective section with a capacitance 
A yjsd 
AiE+*) o 
4ml \e 


If we take the authors’ values of 3:5 and 0:5mm for d and a, 
respectively, and assume the permittivity to be 5 or 7, com- 
parison of expressions (A) and (B) shows that the capacitance 


FOIL 
PLES AIR CAVITY 
S.R.B.P ARIE 
Sole (ii) FOIL 


Fig. G 


G@) Sound section. 
(ii) Faulty section. 


of the faulty section is only 0-6 or 0:5 that of a sound section, 
i.e. the voltage across it becomes about 2:1 or 2-5kV (r.m.s.). 
These figures are sufficiently close to the calculated figure of 
about 3kV to be accepted as the usual kind of discrepancy for 
this work. 

Such discrepancies arise from the formula which the authors 
quote, since it is calculated on the assumption that the field in 
the cavity is uniform. In practice, this is not the case, and it is 
axiomatic that, if the uniform field is disturbed, it must be made 
greater at some point. 

Secondly, I want to indicate the difference in the information 
provided by power-factor/voltage measurements and discharge 
measurements, especially for cavities of large areas. Mr. Cherry 
wanted to know why discharges sometimes lead to failure and 
sometimes appear innocuous. The answer lies in whether the 
large cavities are discharged by a single intense discharge or by 
many small ones. The former is a very dangerous condition, 
whereas the latter may be comparatively harmless. Fig. H 
shows that whether one or many discharges occur will depend 
on the conductivity of the cavity surfaces. It will be seen that, 
for surface resistivity of about 10'* ohms, many small discharges 
occur. When the resistivity has decreased to about 10’ ohms 
a smaller number of larger discharges occur, and finally at 
about 10? ohms the whole surface discharges as a single unit. 
These transitions can occur spontaneously in service, owing to 
discharge-induced surface conductivity. * 

The discharge detector will indicate whether many small dis- 
charges or a few larger discharges are present, whereas the 


* E.R.A, Technical Report Ref. L/T364. 
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(i) 


(i) es ~ 1014 ohms. 


power-factor/voltage measurement gives only an integrated 
result for all discharges, large or small. It is possible that, 
where the applied voltage is low, the discharges will be extin- 
guished by an increase in conductivity of the cavity surfaces. 
This may well be the case for bushings which are subject to 
low stresses. 

Mr. C. W. Mott: Following field tests on 1600 bushings, 
63 were scrapped and 43 returned to service labelled suspect and 
scheduled for testing every two to three years. 

A total of 1600 bushings gives approximately 266 circuit- 
breakers, and assuming one condemned or suspect bushing per 
circuit-breaker it means that 24° of the circuit-breakers con- 
cerned had to be removed from service for major modifications 
and a further 18% have to be examined every few years during 
future service life. 

Laboratory tests on a random sample of 86 132kV s.r.b.p. 
bushings resulted in 20% being scrapped and 28 % being returned 
to service labelled suspect and scheduled for routine testing. 
More recently 66 132kV s.r.b.p. bushings were tested at a 
switchgear manufacturer’s works and 13 were found to be 
suspect. Most probably four will be scrapped and the remainder 
returned to service subject to routine testing. At another 
switchgear manufacturer’s works 18 132kV s.r.b.p. bushings 
were tested and as a result seven were scrapped. 

I suggest the electricity supply industry cannot afford this 
wastage and the technical man-hours required for routine testing 
of bushings. Results of tests on old bushings can be most con- 
fusing, and the power-factor/voltage curves obtained are usually 
far more complex than those shown by several contributors. 
Then there are the large number of s.r.b.p. bushings used on 
lower-voltage equipment which have not been the subject of the 
same investigations as the 132kV types. Routine testing of 
these is impracticable. 

Can these bushings be improved, particularly from the point 
of view of ingress of moisture, so that we can obtain at least 
30 years of trouble-free service without the need for costly 
routine testing in the field? I suggest a higher resin content, 
subject, of course, to thermal stability not being affected. This 
would result in power factors somewhat greater than those we 
are accustomed to expect from modern s.r.b.p. bushings, but I 
see no objection to this. 

Mr. W. A. Cook: To one involved in the manufacture of early 
Grid bushings with the sparse knowledge then available, our 
temerity in making 132kV bushings, for the first time in really 
large quantities, in 1928-30 is rather horrifying. The 19th- 
century bridge builders, becoming aware of the dire consequences 
of metal fatigue, might have thought similarly. 

Around 1930, the first two of the three principal desiderata— 
short-time strength, thermal stability and freedom from ioniza- 
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(ii) 93 ~ 107 ohms. 
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Fig. H.—Changes in discharge characteristics with varying surface resistivity. 


(iii) es ~ 103 ohms. 


ar 


tion—were checked by over-voltage routine and type tests and’ 
More foils were known to improve stress control but to increase 
manufacturing hazards, and a compromise was adopted. | . 
factor/voltage tests, the importance of ionization was realized, 
as was the value of increasing the number of foils, thereby > 
voltage, although the advantage of this is limited by manu-!1/ 
facturing problems and the fact that each spiral turn of foil in” 
detection by power-factor/voltage or hissing tests and more foils > 
became customary. This was a revolutionary step towards a | 
bushings, which was all that was originally hoped for, and \s 
towards eliminating even the odd failure which can count ¥ 

With regard to Mr. Cherry’s rather sweeping condemnation h 
of condenser-type bushings, I would only remark that at least 
from oil-filled to condenser-type bushings, and that despite | 
growing appreciation in the United States of the importance of } 

In view of the possibility of deterioration being triggered off ) 
by surges, have the authors any information associating it with |), 

Mr. K. H. Stark: The authors conclude that an s.r.b.p. 
capacitor-type bushing rated at 132kV reaches a dangerous 
when the individual capacitor sections are punctured. A con- |: 
venient instrument for measuring the existence of moisture in | 
authors have used this instrument. 

The authors found that the individual capacitor sections are | 
2.2.3), and yet it is stated in Section 2.2.4 that severe discharges |» 
can exist in a large crack in a bushing without causing any u 
fail. I am therefore puzzled as to what constitutes a dangerous ic 
discharge. : 
factor test detected insulation deterioration in bushings examined | 
in the laboratory, but in Section 3.4.2 it is stated that ‘the power i) 
the amount of insulation deterioration’. Does this mean that id 
the power factors obtained in the laboratory cannot be applied | 


power-factor/time tests. No accepted tests detected ionization.) 
Quite early in the 1930’s, with the institution of power- 
reducing edge stresses and raising the ionization inception } 
effect short-circuits a turn of paper. Henceforward, ionization 
longer life than the 20-25 years already achieved by the early | 
against reliability. 
one important American manufacturer has recently changed 
ionization. 
the incidence of surges? 
condition when moisture is absorbed by the paper surface or 
paper is the E.R.A. dispersion meter, and I wonder whether the ® 
punctured by discharges eroding through the insulation (Section 
apparent failure or suggesting that the section concerned will © 
In the earlier part of the paper it is shown that the power- M 
factor or change of power factor with voltage is not related to : 
to site tests ? 


The authors have made only brief references to the detection i 
of discharges in bushings. They found that the voltage at which id 
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the power factor rises agrees well with the discharge inception 
voltage as measured with an E.R.A. discharge detector. This 
is similar to my own experience. 

Mr. S. C. Chu (communicated): Fig. 2 shows laboratory test 
results on power-factor/voltage characteristics for five groups 
of bushings. Was there any special reason why, the maximum 
test voltage for bushings in Group 5 was much lower than those 
for the other groups, i.e. about 70kV as against over 100kV? 

In Section 2.2.4 the authors mention the use of the discharge 
detector, and the results obtained agree with the power-factor 
rises in bushings in Group 4, but they have not indicated whether 


such detections have been made on bushings in the other Groups. 
i If SO, i should be interested to know how the discharge charac- 
teristics differ in the different Groups, with respect to the power 
factors. 


In Fig. 14, I feel that the frequency distribution of capacitance 
would serve a more useful purpose if expressed as percentages of 
the original value after installation. It is not clear’ why the 
authors omitted a similar curve for the insulation resistance, 
since they say that its knowledge is essential. A statistical 


analysis of such data would yield useful information for deter- 
_ mining the limits mentioned in Section 3.4.1. 


Mr. A. J. Good (communicated): Section 2.2.4 refers to the 
cifficulty of explaining certain low discharge inception voltages 


that have been obtained. I wonder whether the stresses acting 


_wyver the edges of voids should be considered. 


As a first approximation which is mathematically tractable, 


-and apparently permissible, we can assume a very flat semi- 


eiliptical ‘2-dimensional’ cylindrical void of semi-minor axis a 
and semi-major axis b, situated on a conducting surface which 
coincides with all the major axes of the elliptical cross-sections. 
For large values of d/a the stress within the void perpendicular 


‘to the conductor surface is the same at any part of the void 
(actually this would hold even if the ellipse were far from flat so 


long as d/a was large enough). Taking a = 0:05cm, d = 0:35cm, 


-€=5 and V;=1kV (r.m.s.), we find V,, the peak voltage 


| 
} 


| 


across the gap a at the void centre, to be 640V,. The average 


| stress acting parallel to the insulating surface over a distance a, 


at the edge of the void, is then given approximately by 


_(V,|a\/ (a/b). With the above figures, and b = 0-5cm, say, 


we obtain the equivalent of 280V, acting parallel to an insulating 
surface of length 0-0Scm. Although this rough estimate still 
indicates a low value, of about the minimum sparking potential 


| of air alone at s.t.p. (the breakdown voltage at s.t.p. of a pure 


} 


air-gap of the same thickness of 0:05cm is 2:7 x 10°V,), the 


‘fact that it is acting parallel to an insulating surface, taken in 
conjunction with possible impurities and other gases as referred 


i 


to by the authors, makes it likely that it is high enough to cause 
discharge inception. 

Dr. G. Mole (communicated): Substantial progress has been 
made by the authors in developing non-destructive test methods 
for bushings of the particular type and vintage concerned. This 
progress stems from the opportunity to make tests or examina- 
tions of a destructive ‘character on a large sample of bushings, 
no less than half of which show abnormality. In extending the 
technique to bushings of more modern manufacture, a much 
greater sample would be required, in order to yield an adequate 
zumber of abnormal specimens. The cost of destructive test- 
‘ag or examination would then be considerable and perhaps 
pe ohibitive. 

With reference to the correlation which has been established 
between drooping loss angle [group 3(a)] and the existence of a 
r inctured section, a little further elucidation would be of value. 
I appears that the puncture is detectable in this way because of 
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the resistance associated with the carbonized breakdown path. 
But this method of diagnosis will surely work only if the resistance 
lies within a certain somewhat restricted range, i.e. if the time- 
constant constituted by the capacitance of the section together 
with the resistance of the breakdown path has a value not too 
widely different from a few milliseconds. The current available 
for carbonization is, of course, limited, and it may be that the 
resistances of all carbonized breakdown channels fall, by 
coincidence, within the optimum range. Can the authors state 
whether it is possible to get breakdown channels having resistance 
either above or below the bounds of this range, and so escape 
detection ? 

Mr. E. T. Norris (communicated): For the higher voltages 
(66kV upwards) oil-impregnated paper is practicable and is an 
altogether superior insulation which has been proved over an 
operating experience of 30 years. Its characteristics have been 
described elsewhere.* Could the authors give some information 
on the service record of this type of bushing of which there 
have been nearly 1000 in service in this country from 1929 
onwards ? 

Power factor is often not a reliable criterion for assessing the 
condition of a bushing. It is not a measure of a single charac- 
teristic but the ratio of power to capacitance. In particular, 
moisture increases the power loss, but also, since its permittivity 
is high, the capacitance. In one actual case the power loss was 
increased by 27% by moisture ingress, but the capacitance was 
increased by 31°%, so that the power factor was actually 3-2% 
better and would quite misleadingly indicate that the bushing 
was improved instead of being much worse. It is possible to 
express the power loss in the dimensionless form of power 
density by means of a constant determined by the geometry of 
the bushing. 

Mr. J. Wainwright (communicated): One conclusion of the 
paper which I find rather surprising is that measurements should 
be made annually of the insulation resistance and capacitance of 
132kV capacitor-type bushings. Considering that of some 1 600 
bushings there have been only, to quote the paper, ‘occasional 
failures’ over a period of 25 years, I would be interested to have 
the authors’ views on the necessity for making the test an annual 
one. With a fault rate of the order of a few bushings per 40000 
bushing-years it is obvious that there is no need for panic 
measures. On the other hand, the possibility of danger to, or 
even loss of, human life is something which cannot be measured 
in economic terms or countenanced on any account. 

It is presumed that, in the few failures which have occurred, 
most of the evidence was destroyed, but it would be very interest- 
ing if the authors could give at least some of the more important 
details. 

There must be a large number of similar bushings which have 
been in service on power transformers where the maximum 
operating temperature may be in the region of 90°C. Under 
these conditions erosion would be expected to occur at an 
increased rate, mainly because of the reduction in the voltage at 
which foil-edge discharges commence. Since no mention is 
made of the fact, is it to be inferred that there has been even less 
trouble with transformer bushings? 

From Figs. 13 and 14 of the paper it is possible to estimate 
that, although about 1260 loss-angle measurements are given, 
there is only about half that number of capacitance readings. 
In both cases the results have a skewed distribution, but tolerable 
straight lines are obtained when logarithmic probability paper 
is used. It would be interesting to have the authors’ views on 
the reasons for this. 

* Cook, W. A.: ‘Outdoor Bushings’, Journal I.E.E., 1941, 88, Part II, p. 302. 


[The authors’ reply to the above discussion will be found overleaf.] 
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THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


of the increase of power factor with age, as shown for loca- |; 
tion 2 in Fig. D, and would suggest that the bushings from | 
The difference } 
between locations 1 and 2 could be explained by the presence } 


Messrs. J. L. Douglas and A. W. Stannett (in reply): Several 
speakers referred to the philosophy of site testing. Both Dr. 
Forrest and Mr. Mott stated the problem clearly and conclude 
that it is necessary to try to strike a balance between the cost of 
testing and overcautious scrapping of equipment and the cost of a 
failure. Testing methods are subject to change in the light of 
experience, and we would suggest to Mr. Todd that if, having 
removed the likelihood of failure due to moisture and normal 
discharge erosion by the methods recommended, an appreciable 
number of failures still occur owing to self-healed punctures or 
for some other reason, the methods would be modified. Such 
evidence as we have suggests that, if the methods recommended 
are adopted, the chances of failure due to undetected faults 
would be very small. 

The problem of discharge, its detection and importance, 
formed the basis of comments by several speakers. From the 
point of view of the operator it is impracticable and unnecessary 
to scrap all old bushings which are discharging in service, and 
our suggested compromise is to reject them when one or two 
sections puncture (depending on the number of sections present). 
We would not, of course, recommend accepting from the manu- 
facturer new bushings which discharge at working voltage. As 
Dr. Mason and Mr. Cook suggest, a bushing containing an 
eroded path is likely to be slightly weaker to impulses, but we have 
little information on this point. At the worst, to reject bushings 
with punctured sections must be an improvement on the old 
system where they were left in service. Future experience will 
determine whether the rejection limits need to be amended. It 
is to be hoped that Mr. Walmsley’s work with accelerated dis- 
charge tests will assist in understanding the importance of 
discharges. Mr. Parkman’s comment on the change in dis- 
charge characteristics with time, and Mr. Walmsley’s comment 
regarding uncertain adhesion between layers and hence the 
presence of points from which cracks and telescoping may 
develop in service, do not suggest that discharge tests are likely 
to be very useful in the field in the near future. 

We are grateful for the suggestions made by Messrs. Parkman 
and Good to explain the low inception voltages observed. Mr. 
Parkman’s assumptions appear to be too sweeping although 
probably partially correct. The average dielectric constant of 
the material unaffected by discharge is about 4-2. The high 
dielectric constants produced by the discharge seem to be con- 
fined to a small volume such that taking a whole section thickness 
the dielectric constant of affected material is about 4:7. From 
actual measurements of the capacitance of sections containing 
voids, it was found that the voids reduced the capacitance as 
predicted, but in no case was the decrease more than 10°% and 
usually it was less, and certainly not 100% as Mr. Parkman 
suggests. Section inception voltages and dielectric constants 
calculated from the section capacitances were used in our 
unsuccessful efforts to explain the low bushing inception voltage, 
and this method takes into account the increased voltage due to 
the void capacitance. 

With regard to specific points, Mr. Ashley presented some 
results which cannot usefully be discussed without further data. 
We have observed effects like those shown in Fig. B which were 
found to be caused by poor electrical contacts on the bushing 
assembly, e.g. a film of paint between the arcing ring and the 
helmet to which it was bolted. Fig. C shows that damp bush- 
ings cannot always be dried. We agree with this conclusion and 
feel that it is an undesirable practice because cracks may form 
during the drying-out process. We have found no general trend 


DOUGLAS AND STANNETT: TESTS ON 132kV CONDENSER BUSHINGS: DISCUSSION 


location 1 do not show such a trend either. 


of damp oil at one of the sites at some time during their 
service life. 


In reply to Mr. Cherry, we are not aware of having tested any | 


bushings with graphite foils. In our experience, bushings which 
are compound-filled have slightly higher power factors than the 


oil-filled types, but otherwise the same analytical methods are ls 


applicable. 


With reference to Dr. Mason’s query about fault rates, no | 
bushing which has been tested in situ during the past five years {i 


has since failed in service. It is postulated that a rising power 


factor due to discharges in some sections might mask the fall due wu 
to punctured sections, and Messrs. Norris and Mole also raised § 
points in a similar vein, but errors such as these are not likely | 


to be made if the capacitance is taken into account. 


In reply to Mr. Taylor, there was no significant difference in i 


discharge erosion between the air and oil ends of bushings. 


Mr. Stark suggests the use of the dispersion meter for damp | 


bushings. Our experiments show that this instrument will not 


always respond to moisture, particularly where it affects only © 
the outer bushing skin. With this exception and also excepting © 
drooping power factors, dispersion correlates with power factor § 
For © 


and both are affected by the circuit-breaker components. 
this reason the power-factor (and dispersion) level measured on 


a complete circuit-breaker are meaningless so far as the condenser © 


bushing is concerned. 


Mr. Chu was puzzled by the fact that in Fig. 2 some charac- § 
teristics were plotted for voltages up to 50kV only. There isno } 
We do not agree with his suggestion that a } 
distribution of insulation-resistance results would be informative. + 
Such a curve does not give much information, and, in any case, 
this aspect of the subject has been reported previously. Fig. 14 }} 


significance in this. 


could not be plotted as suggested, since the original capacitances 
are not known. 


Discharge tests were carried out on representative bushings of | 


all groups, but the inception voltages were high except for the 
Group 4 bushings. Since the results did not appear to aid the 
investigations, they were not made on a routine basis. 


We assure Dr. Mole that the puncture paths do have resistances ~ 


in the range mentioned, but the range is not too restricted, as 
shown in Fig. 5. : 
Mr. Wainwright assumes that higher temperatures would 


adversely affect the discharge characteristics of a bushing, but | 
the paper by Brustle, Johnson and Scheideler, referred to by — 


Dr. Mason, suggests that this assumption may be incorrect. 


We have tested only a few transformer bushings, but do not | 
suspect that their condition is very different from oil-circuit- | 
Annual measurements of insulation resis-— 


breaker bushings. 
tance have been made for many years, and are largely responsible 
for the low number of bushing failures due to moisture ingress. 


With the development of the insulation-resistance/capacitance — 


test set, the additional test takes only a minute or two longer to 
make. This annual measurement of capacitance may be erring 
slightly on the cautious side, but we do not think that these 


simple tests can be construed as ‘panic measures’. Probability © 


paper is not a very reliable method of determining the normality 
of a distribution, since a fair straight line can be obtained with 
very skew distributions. Generally, a histogram gives a clearer 
idea of the distribution. 
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A CONJUGATE-IMPEDANCE NETWORK ANALYSER OPERATING AT 50C/S 


By W. CASSON, Member, and A. W. HALES, Associate Member. 
(The paper was first received 25th July, 1957, and in revised form 31st January, 1958.) 


SUMMARY 

The paper outlines the design and performance of an economical 
conjugate-impedance type of network analyser operating at 50c/s 
which was developed by the Central Electricity Authority for use by 
the various Electricity Boards and Divisions. The means and com- 
promises adopted to achieve the specified operational performance are 
discussed. The development of the analyser involved, amongst other 
things, the design and development of a composite equipment for the 
measurement of voltage, current, real power, reactive powér, phase 
angles and—when used in conjunction with a calibration source—the 
ralibration of the shunt and series impedance elements used in the 
analyser. A comparison between the data obtained by measurements 
‘from the network analyser and rigorous calculations for four types of 
jproblem is given. 


(1) INTRODUCTION 


The Central Electricity “Authority and Electricity Boards of 
‘this country have long recognized the advantages of using net- 
mvork analysers to assist their system design engineers in studies 
relative to the planning of system modifications and extensions. 
tf the former years the d.c. type of network analyser, which is 
xelatively cheap to construct, was generally considered to be 
tadequate for this purpose. In the relatively few cases where 
design information could not be obtained from this type of 
equipment, use was made of a.c. network-analyser facilities avail- 
lable at the works of leading electrical equipment manufacturers. 

Owing to the increasing complexity of supply systems and the 

number of problems that are requiring to be studied on a.c. 
wetwork analysers, there has arisen a demand from system design 
ngineers to have their own a.c. network analyser equipment. 
|A joint working party of the Central Electricity Authority and 
the Electricity Boards was asked to investigate the possibility 
fof obtaining an a.c. network analyser which would provide 
adequate operational facilities at reasonable cost. The working 
party concluded that to obtain conventional a.c. equipment in 
this country based on existing designs would necessarily be 
Xpensive and make for difficulty in complying with the desired 
pecification, so they decided to develop an equipment which 
would meet their specific requirements. 
The working party had to decide whether to provide facilities 
for both transient-stability and steady-state studies. Having 
regard to the circumstances in which the analyser would be 
employed and to facilitate standardization of the equipment, it 
was decided that it should be applicable to steady-state a.c. 
Dower-system studies and synchronous-machine _ transient- 
stability studies effected by the step-by-step method. Further- 
‘nore, it was decided that the following conditions should, if 
s<empatible with economic production, be fulfilled: 

(a) The equipment should require the absolute minimum of 
“ccommodation space. ; 
(6) It should initially be of a completely ‘universal’ design, readily 
extensible, and lend itself in individual circumstances to the addition 


of an economic ‘geographical’ extension. , 
(c) It should require the absolute minimum of maintenance and 


| “Yritten contributions on papers published without being read at meetings are 
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be capable of a consistent high level of operational performance 
without frequent specialist maintenance and checking. 

(d) The main network instrumentation should be such that it could 
be calibrated and checked from time to time having recourse to the 
facilities normally existing in meter test laboratories of the Divisions 
of the Authority or Area Boards. 

(e) The analyser should utilize for its network excitation a supply 
derived directly from the 50c/s mains, thus obviating the necessity 
of providing separate oscillator and ancillary amplifier equipment. 

(f) The components used in the functional units should be readily 
available and present no replacement difficulties during the antici- 
pated life of the equipment; also they should not possess critical 
tolerance values. 

(g) The mean overall accuracy of the analyser when applied to 
system problems for which rigorously calculated solutions were 
available should be better than +2% at nominal frequency. The 
measuring equipment, when considered as a separate entity, should 
have an overall accuracy of better than +1°%%. 


It was on the basis of the above conditions that work com- 
menced on the design and development of a prototype (Mark I) 
equipment; the Mark II design, now in quantity production, 
incorporates numerous refinements, and the paper is based on 
this design. 


(2) DESIGN 
(2.1) General Considerations 


Initially the direct-impedance type of analyser operating at 
mains frequency was considered, but was found to be unattractive 
both from the economic and component supply viewpoints and 
was therefore not pursued to an advanced stage. After review- 
ing the potentialities of the alternative types of analyser and the 
relevant operational and economic considerations, it was decided 
that, in order to meet as many of the conditions detailed in the 
Introduction as possible, the conjugate-impedance type should 
be adopted, i.e. an analyser in which the inductive and capaci- 
tance elements are transposed with respect to the actual system 
being represented. Accordingly, work began on the design and 
development of a prototype equipment using the mains 50c/s as 
base frequency. The representation of system elements on both 
types of a.c. analyser is shown in Fig. 1. An analyser using the 
conjugate-impedance principle operating at 120c/s (obtained by 
doubling a 60c/s mains frequency) has been described else- 
where,” but it differs in certain respects from the one described 
here. Apart from inevitable differences in physical construction, 
the chief points of difference in the present design are as follows: 


(a) The use of feedback amplifiers in the generator units is 
eliminated. 

(b) The metering equipment is designed to enable all measurements 
to be made with one main instrument, which replaces, functionally, 
three separate instruments. 

(c) The base current and power values employed are half those 
previously used, while the base frequency of 50c/s has rendered 
mains-frequency conversion equipment unnecessary. 


To secure the minimum cost it was decided to employ uncali- 
brated network impedance elements, and since these would for 
the most part consist of resistors and capacitors, the use of 
readily available commercial wide-tolerance components could 
be permitted. The conjugate-impedance principle and 50c/s 
operation having been adopted, the remaining base operating 
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TRANSFORMER TRANSFORMER 
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©) 
Fig. 1.—System representation. 


(a) Actual system. ? ; 
(b) Representation on conventional-impedance analyser. 
(c) Representation on conjugate-impedance analyser. 


quantities were determined by the operating voltage of the 
magslip transmitters used in the generator and impedance 
calibration units and the range of commercially available 
capacitors, particularly in respect of capacitance and physical 
dimensions [the tubular paper capacitors commonly available 
have capacitance ratios of either 1:2 or 1:5 and nominal 
tolerances (depending upon capacitance) in the range +20-25 %, 
which, for a small increase in cost, can be obtained with closer 
tolerances, say +10%]. 

The magslip transmitters in the generator units operate at 
50 volts r.m.s., and this was adopted as a convenient base voltage 
for the analyser. To secure the maximum financial economy it 
was desired to utilize the minimum sizes of capacitor, and to this 
end a high-impedance base was desirable: however, too high an 
impedance would have resulted at the design stage in the adop- 
tion of an undesirably low current base, and initially it was not 
considered prudent from considerations of metering equipment 
and auto-transformer design to use a base current of less than 
5mA. Consequent upon the decision to use this base current 
the resulting base values were 


Voltage 50 volts. 

Current SmA. 

Impedance 10 kilohms (C = 0-318 3F). 
Power s 250mVA. 

Admittance . 100 microhmos. 

Frequency 50c/s. 
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integration with a geographical network layout where 
desired. Such a feature would be inherently compaci” 
and inexpensive, since the series and shunt impedance); 
elements of the system would ordinarily consist of pre+|, 
calibrated resistor(s) and capacitor(s). A network oj), 
this type would provide suitable facilities for a 

i 

b 


out routine basic studies and could be supplemented by 
the addition of auto-transformer and shunt-susceptance 
units according to the nature of the system under study, 
the range of problem which it was desired to solve anc) 
the ultimate accuracy required. It is comma 
required to provide only for load-flow and short-circuit)» 
studies on systems whose characteristics do not justify)» 
the inclusion of tap-changing and shunt-susceptance): 
facilities. ; 
(3) DESCRIPTION OF EQUIPMENT i 
The layout of a typical medium-capacity equipment); 
is shown in Fig. 2, from which it will be seen that the 
analyser consists of a number of functional units centred) 
on a common equipment rack; those provided initially bi 
are the generator, load impedance, line-impedance, 1 
auto-transformer and shunt-susceptance units, although ir — 
practice the numbers of these units incorporated in a particulai) 
analyser would be chosen according to the operational needs oj) 
the area in which it was located. The common-equipment rack I 
contains the 50c/s mains supply unit, the main networ N 
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The use of a base power of 250 mVA enabled auto-transformers 
of adequate performance to be designed without resort to the 
use of core-loss compensating equipment. However, in the light 
of the established performance of the measuring equipment and 
the more recent availability of improved transformer-core 
material, there is no valid reason why a lower current and power 
base should not be used, thus reducing the size of capacitors still 
further. However, the fact that the finite residual output of the 
metering-current equipment-channel amplifier is predominantly 
of mains frequency makes its effect upon metering errors one of 
importance, and any reduction in power and current bases from 
250mVA and 5mA respectively would require additional pre- 
cautions to minimize its significance. No strong case for a 
change in the above base quantities has emerged in the light of 
operational experience on the prototype (Mark I) equipment. 


(2.2) Extension to include a Geographical Feature 


Although the prototype equipment was originally designed to 
be completely universal in application, it lends itself to easy 


COMMON-EQUIPMENT 
: RACK 
8-6 
Fig. 2.—Frontal layout of typical production equipment. 


measuring-equipment amplifiers, with their stabilized power-! 
supply equipment and associated desk-instrument units, and the! 
impedance calibration equipment. Automatic mains-voltage. 
regulating equipment is an optional feature whose provision) 
depends upon the local supply conditions. 


(3.1) Generator Units 


The generator units, which provide sources of e.m.f. indepen-) 
dently variable in both phase and voltage, consist essentially, 
of a magslip-transmitter/variable-transformer combination, the 
former being used to control phase-shift and the latter to 
control voltage. The 3-phase, 50c/s supply to the magslip! 
transmitter stator is at 50 volts r.m.s. Provision is made for 
the indication of output voltage by a voltmeter calibrated 
0-1-5 per unit volts and fitted with a red index pointer. The) 
drive to the magslip transmitter shaft is effected through a 3 


motion dial assembly having a reduction of 50 : 1 and a vernier 
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scale, thus giving an angular resolution of 0-1°. An on/off 
switch is provided in the output (rotor) circuit for disconnecting 
the unit from the network. The unit when set to give a terminal 
voltage of 1-00 per unit has an output impedance of approxi- 
mately 0-007 + j0-002 per unit. 


(3.2) Load-Impedance Units 


The arrangement of a load-impedance unit for representing a 
lagging-power-factor load is essentially a parallel RC network, 
both resistance and capacitance being variable and supplied 
from the secondary of an auto-transformer, the latter having a 
range of voltage deviation of +0-20 per unit in 0-01 per unit 
increments. The resistive branch of the load impedance con- 
sists of two potentiometers connected in parallel, together with 
additional padding resistors, both potentiometers having self- 
contained on/off switches. The range of real power available 
is approximately 0-2-0 per unit. The reactive branch of the 
impedance consists of three ranges of switched capacitors, the 
range of reactive power availably being approximately 0-1 -20 per 
unit. Details of the auto-transformers, which are of the same 
basic design as those used in the auto-transformer units, are 


included in Section 3.4. Both resistance and capacitance ranges 
have their setting positions identifiable, thus enabling settings 


frequently employed to be recorded and retained for future use. 

Voltmeters of the same basic pattern as those used in the 
generator units monitor the voltage across the load impedance 
and so facilitate the maintenance of constant power consump- 
tion. Four load-impedance units are accommodated on each 


panel. 


| being approximately 0-0-56 per unit impedance. 


(3.3) Line-Impedance Units 
The line-impedance units, of which there are eight per panel, 


- comprise two ranges of resistance and four of capacitance, the 
_ resistive and reactive networks being connected in series. 


The 
resistance ranges comprise a potentiometer and a group of 
switched resistors covering approximately the ranges 0-0-06 and 
0-0:50 per unit impedance respectively, the total coverage thus 
The normal 


_ Operational capacitance range is approximately 0-1-0 per unit 
impedance and has a minimum resolution of approximately 


0-006 per unit impedance. 


The lowest reactance setting 
normally obtainable is about 0:03 per unit impedance (corre- 


_ sponding to approximately 10 F), although this can be reduced 


circuits. 


further if considered economically justifiable by the inclusion of 
an additional capacitor without modification to the switching 
All the resistive and reactive components in these units, 
with the exception of the potentiometers, have a tolerance of 
+10%, the capacitors being of the tubular paper type. The 
nominal capacitance values and ranges were originally selected 
having regard to the preferred values currently available; thus 
the complement of capacitors for each individual unit is as 
follows: 


Rangel: 9 x 1:000uF = 9:000 uF 
Range II: 9 x 0:100 uF = 0:900 uF 
Range III: 9 x 0-010 uF = 0-090 uF 
Range IV: 5 x 0:002wF = 0:010 uF 
Total 10-000 uF 


When it is necessary to have a nominal z-configuration for a 
transmission line, provision is made on the termination panel 
section of the plugboard for the insertion of shunt-susceptance 
anits. The switch-position settings appropriate to frequently- 
ased impedances can be recorded, and after an accumulation of 
etting data has been obtained recourse to the use of the impe- 
fance calibration equipment would be relatively infrequent 
vithin the area in which the analyser was normally employed. 

VoL. 105, Part A. 
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(3.4) Auto-Transformer Units 


This type of unit comprises an auto-transformer together with 
associated ratio-change switching facilities, four such units being 
accommodated on each panel. To represent the equivalent 
series impedance of a transformer a unit is used in conjunction 
with a line-impedance unit. The winding arrangement adopted 
enables a voltage deviation of +0-20 per unit voltage to be 
obtained in 0-01 per unit increments. This is achieved by 
having thee main sections of winding, i.e. one 1:0 per unit 
section, one 4 x 0:04 per unit section and one 4 x 0:01 per 
unit section, ratio adjustment being effected by variation in tap 
selection and winding sense of each sectionalized winding. 

The transformers are wound on Mumetal cores and have a 
total loss when supplying nominal full load (i.e. 250mVA at 
unity power factor from the high-voltage winding with a ratio 
of 1: 1-20) of 0-015 per unit power, i.e. 3-75mW of which 
approximately 0:0015 per unit (0:375mW) is attributable to 
the winding copper loss. The magnetizing component of the 
no-load admittance is compensated, at unity ratio, by the 
inclusion of a 4500pF capacitor in parallel with the main 
1-0 per unit voltage winding. The equivalent leakage impe- 
dance of the transformers is 0:0017 +/0:00046 per unit 
impedance and 0:0035 + j0:0009 per unit impedance for the 
maximum boost and buck conditions respectively. 


(3.5) Shunt-Susceptance Units 


A parallel LC circuit forms the basis of a shunt-susceptance 
unit, the capacitance ranges being designed to give a near- 
continuous variation in capacitance, while the inductance, 
having one tapping, provides two values of 430 and 172 henrys 
respectively. The inductance, which is wound on a Ferroxcube 
core, has a Q-factor on either tapping of not less than 25, two 
such units being mounted in a hermetically-sealed container. 
The desired capacitance range is provided by two banks of 
moulded mica-type capacitors (tolerance +10%) which are 
selected by 18-position switches. The total capacitance range 
is nominally from zero to 39600nF and when used with the 
above inductances gives an overall range of susceptance of 
0:03-0:19 per unit. Typical calibration curves for the ranges 
provided by the two inductances quoted are shown in Fig. 3. 
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Fig. 3.—Calibration curves for shunt-susceptance unit. 


The normal operating range traverses the region between 

Q = 25 and 8, the latter being assumed to be the minimum 

value consistent with adequate accuracy of representation. The 

effective changes in line-to-neutral voltage on nominal setting 

values are depicted in Fig. 4 for settings of 0-18 and 0-10 per 

unit susceptance respectively. Throughout the normal opera- 
12 
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Fig. 4.—Variation of susceptance-unit setting with applied voltage. 
Nominal setting at 1-0 per-unit voltage: 


(a) 0-18 per unit. 
(6) 0-10 per unit. 


tional range under the most pessimistic conditions the deviation 
from nominal setting is less than 1%. An extension of the 
range of susceptance can be effected by a suitable choice of 
inductance and/or capacitance. 


(4) MAIN NETWORK MEASURING EQUIPMENT 


This equipment was designed to perform the functions of 
network impedance calibration and measurement in the analyser 
network. It can be used when dissociated from the analyser 
in low-power mains-frequency applications where low instru- 
ment burdens are essential. It consists in essence of two 
separate amplifier channels, one each for the current and voltage 
circuits respectively, together with their associated stabilized 
power-supply units and a single indicating instrument. When 
used in conjunction with the impedance calibration equipment it 
enables measurements of the following quantities to be made. 
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Voltage 

Current } 
Real power | 
Reactive power y ; ; ; 

Relative voltage phase angle \ In conjunction with variable-phase 
Relative current phase angle impedance calibration source. 
Resistance 
Reactance 
Conductance 
Susceptance 


The ranges of voltage and current measurement provided are}, 
show in Table 1. 


In conjunction with variable-output-voltage 
impedance calibration source. 


Table 1 
VOLTAGE AND CURRENT RANGES 
Per unit 


value for 
fis.d. 


Scale 


Range multiplier 


Quantity 


Voltage 


Current 


(4.1) Design 


A functional schematic of the metering system is shown in 
Fig. 5, from which it is seen that the current-channel amplifier f 
is divided into two sections—a 2-stage pre-amplifier unit and a |) 
2-stage output amplifier. A feedback loop applies negative |) 
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Fig. 5.—Functional schematic of metering system. 
Equipment-function selector 


. Series-impedance calibration. 
. Shunt-impedance calibration. 


. Network measurement. 
. Voltage phase-angle. 
. Current phase-angle. 
. External measurement. 
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voltage feedback over the two pre-amplifier stages (48 dB), 
while a second loop provides negative current feedback (55 dB) 
over the penultimate and output stages respectively. 

The pre-amplifier of the current channel derives its input from 
the voltage drop produced across a precision shunt (+0:1% 
tolerance) which is inserted in the analyser network at the point 
of measurement. The insertion effect of the largest ohmic 
value of shunt on the network is equivalent to an additional 
0-001 per unit impedance in the network. The input trans- 
former of the channel, which is of unity ratio, is designed in 
respect of primary inductance (15 henrys) so as to ensure that a 
negligible shunting effect on the metering shunt is achieved. It 
is also electrostatically and electromagnetically screened. The 
current ranges detailed in Table 1 are obtained by the insertion 
of differing values of shunt in the network. The maximum out- 
put current of the channel (100mA r.m.s.) is obtained with an 
input voltage of 12:SmV r.m.s. The input-transformer secon- 
dary provides the input for the first stage of the pre-amplifier— 
an EF86 high-gain pentode characterized by an inherent low 
noise level. It will be observed that a switched resistor is con- 
nected in series with the primary of the input transformer, the 
function of which is to balance the effect of primary-to-secondary 
sapacitance current which flows in the primary winding of the 
transformer. An equivalent circuit of the input circuit of the 
channel is shown in Fig. 6. In practice, the balance resistance 
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Fig. 6.—Current-channel-amplifier input circuit. 


to give minimum secondary induced e.m.f. for a particular shunt 
value is found empirically. The degree of unbalance introduced 
by range changing is insufficient to necessitate rebalance of the 
network on each range, two separate balance conditions being 
adequate. Any unbalance in this input circuit results in current 
measurements becoming dependent upon the sense in which the 
measuring shunt is inserted in the network and the phase of the 
network current with respect to the line-to-neutral voltage of 
the analyser at the point of measurement. The second stage of 
the pre-amplifier and the penultimate stage of the output ampli- 
fier are RC-coupled EF91 pentodes, the latter being followed by 
a single-ended 6BW6 beam-tetrode output stage. The negative 
current feedback applied over the output amplifier stages results 
in an output impedance of 900 kilohms. Final adjustment of 
Output is effected by adjustment of the feedback loop gain over 
the output stages. The total harmonic distortion introduced by 
the channel when delivering rated output is not greater than 
i %, while the total hum and noise level is not greater than 0-1 % 
of the current corresponding to full-scale deflection, i.e. 1OOmA 
m.s. The linearity between input and output is within 0°2% 
o£ the output for full-scale deflection in the range 50-100% 
utput current, 
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The voltage-channel amplifier derives its input from a resis- 
tance voltage-divider network inserted between the line and 
neutral of the analyser network. The insertion effect of the 
divider on the analyser network at 1-0 per unit voltage corre- 
sponds to a current drain of 0-002 per unit, i.e. the channel has 
an input impedance of 5 megohms. The input voltage, which is 
12-5 volts r.m.s. for maximum current output (100mA r.m.s.), is 
fed initially to a 6BR7 cathode-follower stage from which two 
alternative outputs differing in phase by 90° are available, the 
selection of output being dependent upon whether measurement 
of real or reactive power is required. The output and penulti- 
mate stages of the voltage-amplifier channel are of identical 
design to those of the current-amplifier channel, and the per- 
formance of the channel in respect of linearity is the same as 
for the current channel, while the total hum and noise level is 
considerably less. The connection of the main indicating instru- 
ment to the two amplifier channels is performed automatically 
by a function-selector switch which determines the quantity 
measured, i.e. voltage, current, real or reactive power. The 
selector switch, in addition to determining the function, inserts 
appropriate padding resistors in the output circuits of the ampli- 
fier channels so that they always work into a constant impedance 
(100 ohms). The main indicating instrument is a precision- 
grade dynamometer movement having a current for full-scale 
deflection of 10OmAr.m.s. It has two scales, namely a square- 
law scale for current and voltage measurements, coloured black 
and calibrated 0-1-:25 per unit, and a linear scale for real and 
reactive power measurements, coloured red and marked 
0-1-50 per unit. The impedance of its moving system (current) 
is 11-41 + 70-021 ohms, the corresponding value for the fixed 
(voltage) system being 10-22 +j8-0 ohms. The use of negative 
current feedback in the output stages with a consequential high 
output impedance has two advantages, namely the use of high- 
stability close-tolerance components in the load-impedance cir- 
cuit of each channel is avoided, and the inherent errors in 
measurement introduced by the finite value of mutual inductance 
between the fixed and moving systems of the dynamometer 
movement are considerably reduced, the maximum value of the 
mutual inductance in the instrument employed being 0:125mH. 
With an output impedance of 800 kilohms and this degree of 
extraneous coupling, negligible errors due to this cause are 
obtained. The operating current for full-scale deflection of 
100mA r.m.s. was chosen to give a reasonable compromise 
between considerations of output-stage design and an adequate 
torque/weight ratio for the moving system of the dynamometer 
movement. 

Each amplifier channel is supplied from a separate stabilized 
power-supply unit of conventional cathode-follower design, this 
arrangement minimizing any possible interaction between the 
two channels by virtue of a common supply-source impedance. 
To facilitate the rapid determination of valve operating condi- 
tions and fault location, self-contained monitoring facilities are 
incorporated. A mains-frequency meter provides a continuous 
indication of mains-frequency deviation to operating personnel. 
Ordinarily frequency deviations in excess of +0-2c/s rarely 
obtain. 

The overall accuracy of the metering equipment, being deter- 
mined as it is by the combined performance of separate com- 
ponents each possessing errors, some of which are variable, 
makes a quoted figure of overall accuracy rather ambiguous. 
Besides specifying the conditions of measurement, the input- 
transformer ratio and phase-angle errors, the shunt error, the 
amplifier linearity error and the error due to the finite resolution 
of the amplifier gain adjustments should be all quoted for speci- 
fied conditions of measurement and the combined effect evaluated. 
However, the more practical alternative of carrying out calibra- 


300 


tion checks using precision-grade instruments with known 
correction factors in conjunction with standard load resistors 
and capacitors has shown that an accuracy of measurement of 
the order of +0:5% of instrument full-scale deflection is 
attained over a period of several months, during which frequent 
mechanical handling of the equipment has taken place, this 
being entirely adequate for the intended application of the 
measuring equipment. The performance of the metering system 
in relation to mains-frequency variations has been evaluated 
using a power generator source whose output voltage is charac- 
terized by a low harmonic content (approximately 0:3% total). 
The variations in real- and reactive-power measurement with 
frequency are illustrated in Fig. 7 for specified load conditions. 
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Fig. 7.—Variation of power-metering error with frequency. 


(a) 1:0 per unit real power; 0-70 power factor, leading. 
(b) 1-0 per unit reactive power; zero power factor, leading. 
(c) 1:0 per unit reactive power; 0:70 power factor, leading. 


It will be seen that with normal frequency deviations reactive- 
power measurements are affected by +0:25%, while real power 
measurements remain virtually unaffected. 


(4.2) Calibration Procedure 


The main indicating instrument can, when desired, be given 
a calibration check as a separate unit in a meter laboratory in 
conjunction with a d.c. potentiometer equipment. Since the 
instrument is of the air-cored dynamometer type and operates 
at 50c/s it can be used as a transfer device, the d.c. errors being 
assumed to be applicable to a.c. operation. 

With the equipment inserted in a test network operating at 
unity power factor and selected to measure reactive power, the 
relative phase of the output currents of the two amplifier channels 
is adjusted until a zero reading is obtained on the main 
instrument. 

This procedure is repeated with the equipment inserted in a 
test network operating at zero power factor lagging or leading 
and selected to measure real power. The relative phase .of the 
output currents of the two amplifier channels is adjusted (by 
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another phase-shift adjustment) until a zero reading is obtained 0 
on the main instrument. 

With a milliammeter connected in series with the main instru- |) 
ment voltage (moving) coil, the outputs of the in-phase and; 
quadrature networks of the first stage of the voltage-channel 
amplifier are adjusted so that the output current is the same |) 
when the equipment is selected to measure either real or reactive | 
power. 

With the milliammeter removed the overall gain of the voltage- 


} 
¥ f 


with known correction factors as a standard. 
With the equipment selected for current measurement and, 


indication. If the equipment is now selected for real-power | 
measurement the real-power indication will not normally |: 
exceed +0:2% of its nominal value. The various current > 
ranges can be individually checked using different standard |) 
non-inductive load resistors, while the reactive-power range | 
calibration can be checked using appropriate low-loss capaci- | 
tors. Experience indicates that this latter check is not commonly |) 
necessary. ; 


(4.3) Impedance-Calibration Unit 


This is designed for the calibration of the shunt and series ~ 
impedance elements which constitute the analyser network. |) 
The shunt elements are calibrated while 1-0 per unit voltage is = 
maintained from the calibration-source series-impedance ele-\ 
ments being calibrated, while 1-0 per unit current circulates }) 
through them. The real- and reactive-power dissipation in the 
unknown impedance which it is desired to calibrate is measured 
by the main metering equipment, the actual per unit values of } 
the impedance components being obtained directly from a 
consideration of the amplifier range multipliers. A source of } 
variable e.m.f. is derived from a magslip transmitter with a | 
3-phase stator winding: when it is fed on two phases only, / 
adjustment of output voltage is effected by angular rotation of 
the rotor; when fed on all three phases it is used in conjunction } 
with the main metering equipment (operating as a null indicating 
device) for the measurement of relative voltage and current (: 
phase-angles. To ensure ease of operation and high accuracy, | 
the magslip transmitter rotor is driven through a slow-motion }) 
drive assembly having a reduction ratio of 50:1, its vernier 
scale being mounted on an adjustable cursor; this enables an/ 
angular resolution of 0-10° to be obtained. To avoid frequent | 
functional selection of the metering equipment, a separate volt- 
meter and milliammeter are incorporated for the measurement 
of calibration voltage and current respectively, these being 
checked initially against the master instrument to ensure corre- 
spondence of readings. E 

On this unit is also mounted a selector switch eich determines » 
the application of the main measuring equipment. The six _ 
facilities available are } 


(a) Shunt-impedance calibration | Using _variable-voltage con- | 
(b) Series-impedance calibration stant-phase impedance-cali- 


bration source. 
(c) Network measurement 


(d) Relative voltage phase-angles Using variable-phase constant- | 
(e) Relative current phase-angles (| VOltage impedance-calibra- ” 


tion source. 

(f) External measurement . 

For facility (f) three plugs are provided which give access to . 
the neutral and line terminals of the voltage- and current-channel 

amplifiers respectively. The use of a constant-voltage constant- 

current source has been considered, but experience has indicated | 


operating personnel. 
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that it is by no means an essential facility, since impedances can, 


in practice, be rapidly calibrated by relatively inexperienced 
A practical aid to the speeding up of the 


-impedance-calibration procedure is the formation of a library 
of unit dial settings for frequently encountered impedances. 


(5) MAINS POWER SUPPLY 
(5.1) Mains Power-Supply Unit 
The function of this unit is to provide a 3-phase 3-wire 50-volt 


supply for the generator and impedance-calibration-unit magslip 


transmitters, and it comprises three single-phase 150 VA trans- 
formers connected in star on both primary and secondary 
windings; the normal range of input voltage is’400-430 volts, 
3-phase, and the transformer rating provides sufficient capacity 
for ten generator units plus one impedance-calibration unit. 


A mains isolating switch and protective fuses are also 


incorporated. 
(5.2) Mains-Voltage Stabilizing Equipment 


Although operational experience on the prototype equipment 
has demonstrated that mains-voltage stabilizing equipment is by 
no means an essential adjunct for the satisfactory operation of 
the analyser, it is recognized that there are locations where 
mains-voltage variations would make the provision of stabilizing 


<quipment a necessity. To meet this contingency, automatic 


stabilizing equipment can be incorporated to reduce the ampli- 


tude of mains-voltage variations to a level where they are no 
longer of operational importance. In this particular type of 


'analyser—where enhancement of harmonics already present in 


the mains supply must be avoided, since they appear in magnified 


form in the current waveforms in the network—it is important 
that the type of automatic regulator employed, while maintaining 
its output voltage between close limits, should not enhance the 


harmonic content of the mains supply. To fulfil these conditions 


a regulator using a servo-operated variable-ratio transformer to 


‘inject a series buck or boost voltage into the mains supply line 


is utilized. In essence, the variable-ratio transformer is driven 
by a small 2-phase servo-motor, the output voltage of the 


‘regulator being impressed on a bridge network which, when the 


regulator output voltage is at its nominal value, gives zero output. 
The bridge network becomes unbalanced following a departure 
from nominal-output-voltage conditions and provides an error 
signal for a feedback restoration loop. Velocity feedback is 
incorporated in the system to enhance the loop stability and 
minimize the effects of friction. The r.m.s. output voltage is 
stabilized, its long-term stability being such that the output 
voltage does not change typically by more than one or two 
volts per annum (in 230 volts). The speed of response for small 
voltage deviations, ic. +3 volts, is approximately 0:25 sec 
(12:5 cycles of the supply frequency), and for deviations in 
excess of this a response of 0-15 volt/sec is obtained. The 
regulator will maintain the r.m.s. output voltage to within 
+0:25%, it being specified to operate within these tolerance 
limits under the following conditions: 


Input voltage —17:5to +8:75%. 


Load current 0-9 amp. | ; 
Load power factor 0-1 (lagging or leading). 
Frequency. . 45-65 c/s. 


Temperature variation From normal ambient up to 20°C. 


Since these units are basically of single-phase design, three 
ave required for each analyser installation. 


(6) PLUGBOARD ARRANGEMENT 


The functional elements of the analyser are mounted in 
enclosed racks, each rack being associated with a plugboard 
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assembly situated in a standard position. 
mally 


The plugboard nor- 


(a) Serves as a central termination panel for the functional units 
within the rack. 

(6) Accommodates the circuit selector switches used to insert the 
main metering equipment in the functional units within the rack. 

(c) Enables functional units to be assembled to represent a net- 
work which it is desired to study. 

(d) Permits of direct connection to the impedance calibration 
equipment located in the common-equipment rack and the main 
analyser neutral busbar. 


The rear assembly of the plugboard serves to extend the 
3-phase 50-volt distribution wiring, main metering and impe- 
dance-calibration bus wires throughout the whole length of the 
equipment. This arrangement permits of the future extension 
of an analyser without recourse to modification of internal inter- 
connection wiring. Designation strips are provided for each 
row of selector switches and plugs to ensure adequate coded 
identification. 


(7) PERFORMANCE OF PROTOTYPE (MARK I) 
EQUIPMENT 


(7.1) Performance Tests 


In order to gauge the operational performance and accuracy of 
the Mark I equipment, it was used to study many representative 
types of problem whose solutions were accurately known. Four 
classes of typical problem employed are load flow, short-circuit, 
voltage regulation involving the use of series capacitance and 
synchronous-machine transient stability. The results obtained 
from random solutions on the analyser together with rigorously 
calculated values are shown in the following Sections. 


(7.2) Two-Line Load-Flow Study 


The system configuration together with impedance constants 
for this problem is shown in Fig. 8, while the corresponding 
vector diagram (not to scale) of the system is shown in Fig. 9. 


Ry= 0-20 


T.Ree X,= jO:'50 
Pe eee Par Qae 


Vale Pra Qa 


a 


Fig. 8.—System diagram for 2-line load-flow problem. 
All quantities are per-unit values. 


Vs 


Fig. 9.—Vector diagram for system shown in Fig. 8. 


The comparison of measured and calculated values is shown in 
Table 2. 

The mean arithmetic error obtained corrected to instrument 
full-scale deflection is approximately 0-27%, while the corre- 
sponding algebraic error is +0:17%. The errors in angular 
measurement are not shown, since the phase-shifter scale marking 
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Table 2 
Two-Ling LoAp FLow Stupy: COMPARATIVE DATA 


Calculated 
values 


Measured 


Quantity eaties 


per unit per unit 
1-236 
1-260 
162 


(% f.s.d.) 


a 


IF eeeooseses =29ooeses 


-b 


Sooo o OOO ONSSCH 


BASCOHPHOCOOSCOSOOSCOOM SHS 


RADOHHOOCOSCSOOSOOCOOHs 


on the prototype equipment did not permit of resolution to 
better than 0-25°. The values obtained were, however, within 
OPO 
(7.3) Network Fault Study 
The network chosen for this study? (Fig. 10) contains reactive 
elements only, and is particularly valuable since it involves the 
X-j 0-20 


~ 0162 


XeJj 


O14 x=j0-225 
; TOT 


~ 0167 


X*JO16 Xey 


X*jO.137 S11 644 


P2 
X*j0'2I ; 1644 
N2 


No 


Fig. 10.—System diagram for network fault study. 
All quantities are per-unit values, 


Table 3 
VOLTAGE REGULATION STUDY: COMPARATIVE DATA 
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Load transmitted 


| 


reduction of negative- and zero-sequence network impedances for). 
its solution. A single line-to-earth fault was placed upon the) 
network at point P;, the quantity measured being the total fault). | 
current. The measured value of 1-644 per unit current when ||, 
compared with the calculated value of 1-637 gives an error of le 
+0:35% fis.d. 


(7.4) Voltage Regulation Study 


This problem, which has been used elsewhere* to obtain an) © 
assessment of a.c. network-analyser performance, relates to the’) | 
application of series-capacitance line compensation to a system, |” 
it being required to determine the real power transmitted at © 
various load power factors at specified constant sending- and\> 
receiving-end voltage conditions. 


Vs=1:1O Vea=!100 


: | Jo299 0-271 | 4 


Fig. 11.—System diagram for series-capacitor application problem. q 6 
All quantities are per-unit values. | 


—EE 


The system is shown in Fig. 11, while a comparison of | 
measured and calculated values is shown in Table 3. 

The mean arithmetical error obtained was +0-85%, and the 
corresponding mean algebraic error +0:52%, ie. 0°25% f.s.d. 


(7.5) Transient-Stability Study 


A transient-stability study® was carried out on the system 
shown in Fig. 12 employing the step-by-step method of solution.) 
The comparison between calculated and measured angle/time 
data for each increment of time is shown in graphical form in! 
Fig. 13 for two fault conditions. 


v'd-s 


=1-12/32:2° = 1:023/22° 


J0-0534 


Fig. 12.—System diagram for transient-stability study. 
All quantities are per-unit values. 
H=3;K= ae 3 600. 


Vr = 0:95; Pr = 50MW (0°833p.u.); Orn = 0; Ip = 460amp 0:877p.u.). 
Measured values obtained on analyser: Vj_s = 1-123; Vz = 0:95; ¢s = 32°. | 


Line 
compen- 
sation 


Power factor* = 0-80 Power factor* = 0:90 


Power factor* = 0:95 


Power factor* = 0:98 Power factor* = 1-00 


Calculated |Measured| Error |Calculated|Measured| Error |Calculated 


MW 

20:2 
22-0 
24-6 
27°6 
31-4 


MW 

20°5 
Ape) 
25-0 
27°8 
31:6 


MW 

24-0 
25:6 
28-0 
30-4 
33-4 


MW 
24:3 
26-0 
Papp) 
30°9 
S37 


Measured| Error |Calculated |Measured| Error |Calculated |Measured] Error 


MW 
27-0 
28-3 
30°4 
SPO | 
34°4 


% 
We 
—0°4 
aac 
—1-0 

0-0 


MW 

29-4 
30°8 
32°4 
33:8 
35°2 


* The load power factor was lagging in"each case. 
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MAINTAINED 


— fo + P= 
FAULT CLEARED AFTER O:15 SEC 


oos O10 O'IS O20 025 030 035 O40 045 O50 O55 O60 
TIME , SEC 


Fig. 13.—Comparative curves for transient-stability study. 


Calculated. 
—---— Measured on analyser. 


(7.6) Analysis of Performance Results 


An analysis of the many studies undertaken on the prototype 
equipment has indicated the existence of certain small errors. 
These are occasioned by 
| (a) The presence of stray line-to-neutral capacitance in the line- 

impedance units. 

(b) The finite, though small, residual output of the current channel 
amplifier. 

(c) Slight unbalance of the input bridge network of the current- 
channel amplifier. 

The line-unit stray capacitance amounts to some 50 pF, while 
‘the interconnection leads between the units and plugboard con- 
‘tribute upwards of another 20pF. Reductions in both these 
values have been effected on the Mark II equipment by careful 
‘attention to mechanical design and layout. The effect of 
‘increasing the size of an installation is not critical so far as 
stray capacitance is concerned, since the line-impedance units 
_are located immediately adjacent to the plugboard terminations. 

Experience indicates that the effect of the variable capacitance 
‘contributed by the frontal interconnection leads is not a signifi- 
‘cant factor. The error introduced by the finite residual output 
of the current-amplifier channel is variable and depends upon 
‘both the magnitude and relative phase angle (with respect to 
line-to-neutral voltage) of the current being measured. Its 
effect is more important in this equipment owing to the fact that 
‘the measured current and the predominant component of the 
‘residual output are of the same frequency. 

The error introduced by unbalance of the input circuit of the 
-current-channel amplifier is again dependent upon both phase 
_and magnitude of the output current with respect to the line-to- 
‘neutral voltage. Owing to the complex quantitative effect of the 
above factors it is difficult to assess their combined significance 
‘for all conditions, but it is considered that under the most 
-vessimistic conditions a maximum error of approximately 
2-003 per unit current obtains. 

Experience in operating the Mark I equipment has shown that, 
‘even with personnel having a limited amount of operational 
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experience, it is possible to achieve considerable speed and 
accuracy In operation. The Mark II production equipments, with 
their attendant refinements, further enhance this performance. 


(8) ECONOMIC CONSIDERATIONS 


A comparative assessment of the costs of an a.c. network 
analyser of the type outlined in the paper relative to (a) a con- 
ventional d.c. network analyser, and (b) a conventional direct- 
impedance 1 kc/s network analyser, has been made on the basis 
of similar conditions of manufacture. It indicates that for 
similar operational capacities the cost of (a) is approximately 
half that of the 50c/s equipment while (4) is approximately three 
times as costly. Thus the manifold advantages attendant upon 
having available an a.c. rather than a d.c. equipment can be 
obtained for a modest increase in capital outlay. 


(9) CONCLUSIONS 


The form of network analyser evolved, while fulfilling in large 
measure the conditions initially postulated, has resulted in there 
becoming available an analyser which is capable both of being 
economically produced under ordinary commercial conditions 
and of providing and maintaining a high degree of opera- 
tional performance and accuracy. The development of the 
analyser has consequentially resulted in the availability of a 
multi-purpose single-frequency precision measuring equipment 
which can be used as a self-contained piece of laboratory 
apparatus. The latter, although intentionally operating at 
relatively low power levels, where conventional instruments of 
comparable burden and accuracy are not available, lends itself 
to extension for measurements at higher power levels where 
negligible insertion burdens are important. 

To further extend the application of the analyser, the design 
and development of other types of unit, e.g. sequence network- 
coupling transformers and series susceptance units, is proceeding, 
these being readily integrated with the overall design adopted. 
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DISCUSSION ON 


‘CONDUCTION AND INDUCTION PUMPS FOR LIQUID METALS’* 


SOUTH MIDLAND SUPPLY AND UTILIZATION GROUP AT BIRMINGHAM, 
11TH NOVEMBER, 1957 


Dr. W. G. Thompson: The ingenuity of the designs of liquid- 
metal pumps and the development of their theory as described in 
the paper are very impressive. In the early days of the war my 
colleagues and I were interested in the development of liquid- 
mercury pumps to establish a mercury jet in mercury-arc 
rectifiers which could be used as an ignition device after the 
manner of the ignitron. The idea was successful electrically, but 
the jet in vacuo was susceptible to the slightest mechanical shock. 
In the course of this work a d.c. pump consisting of a flat spiral 
between two vitreous-enamelled steel blocks was developed, the 
magnetic field being between the blocks, the current flowing 
radially outwards while the mercury was fed through a central 
hole and driven around the spiral. Accurate bedding of all sur- 
faces was essential to prevent leakage, and it occurs to me that 
similar problems might be encountered in the fitting of the helix 
in the induction pumps described by the author. The d.c. pump 
was subject to the low-voltage limitations to which the author 
refers. 

Attention was also turned to a pump of the type shown in 
Fig. 1, but working with alternating current. Again manu- 
facturing difficulties had to be overcome, but it also suffered from 
a fundamental difficulty, namely that the performance of a 
conduction pump largely depends upon the ratio of the resis- 
tance of the tube to the resistivity of the liquid, which, in our 
case, was 100 microhm-cm compared with 97 for mercury. 
Various other factors were encountered, including the concen- 
tration of the current, the low boiling point of the liquid under 
vacuum and the formation of films on the inside of the tube. 
So far as could be observed, the pumps functioned perfectly under 
atmospheric pressure but showed idiosyncrasies under vacuum. 

One pump which has not been mentioned and which is of 
Italian origin converts the rotational energy imparted to mercury 
by a rotating field to pressure energy. The effect was poor at 
50c/s but quite good at 150c/s. At that time 150c/s was con- 
sidered an undesirable complication, but to-day these higher 
frequencies are in common use and a pump of this type may 
well merit further consideration. 

Although the liquid-metal pumps have relatively low effi- 
ciencies, it would appear that for many metals the loss may be a 
useful contribution to maintaining the liquid in its required state. 

Mr. R. A. York: The author states that the flux density in 
conduction pumps is lower than is normal in motors. What is 
the flux density in the liquid metal in these cases? 

All the pumps described have one stage; if greater pressure is 
required with certain liquids, is the usual thing to change the type 
of the pump or to have double-stage pumping? 

What voltage is used for the windings of the larger induction 
pumps? 

* BLAKE, L. R.: Paper No. 2111 U, July, 1956 (see 104 A, p. 49). 
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Is the performance of any of these pumps affected by the fact)] 
that they are in some cases pumping radioactive liquids? i 

Mr. F. C. Barford: Apart from nuclear projects, has considera-| 
tion been given to the use of these pumps in normal industry,) 
such as with molten tin? | 

Mr. G. S. Buckingham: The average engineer is rather startled}) 
by the idea of a flow of 10000 gal/min of liquid sodium at 400° C,”” 
and would naturally be interested to learn more details of the) 
precautions taken to ensure the safety of operatives. What) 
happens if there is a leak or a pipe bursts when full of this}? 
extremely dangerous material? On the other hand, what) 
happens if there is a failure of the supply of electricity and the) 
sodium solidifies in the pipes? 

Mr. H. J. Gibson: Can the speed of pumping be controlled,)| 
and, if so, how is this effected? Presumably for nuclear-power | 
purposes a constant speed is not objectionable, and perhaps the) 
heat loss can be regulated in other ways by the supplementary( 
heat-extraction pumps, but it appears that a varying speed wouldix 
almost certainly be needed for industrial applications. 

Mr. H. M. Fricke also contributed to the discussion. 

Dr. L. R. Blake (in reply): Further to Dr. Thompson’s most! 
interesting comments, all electromagnetic pumps must be. 
pressurized to prevent cavitation at the lowest pressure region of/f 
the pump, usually at the pump inlet at the smallest duct cross-)> 
section. Cavitation occurs at an absolute pressure correspond- 
ing to the vapour pressure of the liquid, so that operation undert, 
vacuum would cause difficulties. i 

In reply to Mr. York, the flux density is 10-15kG in con-@ 
duction pumps and 1-2kG in induction pumps. For reliabilityif 
of insulation, the winding voltage of large induction pumps is) 
best kept low, at 250-500 volts. The radioactivity of the liquid) 
does not affect performance, except indirectly by restricting the) 
choice of electrical insulation. Two pumps are sometimes usedii 
in series for increased pressure, but usually the design or type of 5 
pump is changed. 

In connection with the point raised by Mr. Barford, considera 
tion has been given to the use of electromagnetic pumps in the! 
die-casting industry and in chlorine plants for pumping mercury;| 
a form of electromagnetic pump has also been used to stir liquid br 
steel in arc-furnaces. However, the greatest interest has been! 
shown for nuclear projects, particularly for pumps of large size. |» 
Consequently, in reply to Mr. Buckingham, the sodium hazard): 
in large pump systems is often increased, owing to its induced»: 
radioactivity, so the highest standards of safety are essential.) 
General details of safety precautions using sodium are given in’ 
Reference lyand its supplement. 

Pump flow i is normally controlled by variation of the suppl: HC 
voltage, although, as Mr. Gibson points out, constant flow is’ 
often acceptable in nuclear-power applications. , 


@ Close control of air supply 

@ Louvre grate surface, self-cleaning 

e Efficient burning of fuels with widely differing characteristics 
@ Very little maintenance required 


There is a highly efficient “ L’ type stoker to suit every 
known design and size of watertube boiler. 
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